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PREFACE 



This book was -ntenpri.arny to satisfy the text^^^ 
.uire^entatuniver it an con^^^^^^^^^^^^^ a^three c^r^e^d^^^^^ ^^^^^^^^ 
introducing students 
P 

oped to facilitate '^ic^oP'^^^J^^^^^' ;' " "'li?.:^: ;^.;'tmc; qqftOA 16-bit 
and off-board peripherals. The board utilizr 
m?croprocessor'and associated support chips 

only a minimal 
other 
b 





free-time study 



teachers will find the con- 



For formal classroom instruction comp<:tPr course re- 
of the book suitable for the typical pne-semester^coursej^e^ 




are 



provided in Appendix B for the odd-numbered exercises. 

An effort has been made to present the material in an orderly 

P---^Jr ir t"e;chiKrc\S"es^ on .^c^^^^of ssf^ to" hlnSre^S^ of 
stSdents"n industry and at the university level. 

Beginning with Chapter 1 the reader is ;nt7^''^",'^„\<',^,°,rt7ctSll 
architecture, computer ope-V;".^ ^"^Jo-;%S^%;-\er closes with 

^ architecture of the 



1 n 



enhancements embodied 

a descri ptioi 

TMS 9980A microprocessor 



adescription of the uni <^ n^n^^t^>^ 



TMS 9980A "^^^r^P^^'^rndloaic are reviewed in Chapter 2, with the 
Computer arithmetic a"^^.^°9ic are reviewea h ^^^^^^ 

emphasis on the operation ^^^^'l^ .fJ^^Gf Vo^^a^ are described 
Additionally, the firmware monitor (UNIBUG) commanas 



1 1 1 







followe"d°b;'"VeTa,Ys \7\te"uJr'T\'' ''''"''''' '" Chapter 4 
Directives! labe s and instructtnn'^^ .^°""'' =y""'°"c assembler, 
coverage of addition^ instruct^-'"" /"h*'' ""^ discussed prior to 
exampli. ^' '"structions and a sort algorithm program 




Practical aspects of 



velopment are sc s ed ir't'h?'"?,"?^';;!^^''"?"'^^ """""' "' 
development, debugging tistina ll/lj^^^^"- ^^'**"' ''"^9" ^n 
from a realistic perspective!^' "^l^^^'-y are topics presente 
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CHAPTER 1 
OVERVIEW OF COMPUTERS, MICROPROCESSORS, AND MICROCOMPUTERS 



1.1 INTRODUCTION 

This is a book about a particular mi crocomputer--the TM 990/189M 
University Board manufactured by Texas Instruments Incorporated. 
Before going into details of thi s board, however, it is appropn ate to 
survey a number of topics relating to computers to explain to the 
reader (especially the novice) certain 
definitions that are essential 
in succeeding chapters. 



fundamental concepts and 
for an understanding of the material 



Chapter 1 is an introduction to computers, microprocessors, 
and microcomputers. An endeavor has been made to cover a wide 
range of subjects in overview with details brought out in chapters 
that follow. In many cases mention is made that "This will be 

brought out in detail in Chapter ...," and in each case the 

reader can refer to this detail immediately if he wishes, or, ne 
can proceed toward it in progression, whichever he chooses. How- 
ever this book is intended to be used as progressive teaching 
material, and the student can best benefit from it by following the 
orderly exposition of the subjects as they are offered. 

What is a computer? This is a question that needs to be 

answered. First of all, it is a tool, a machine, a thing that 

assists in the performance of a human task. It is designev. to 
process and manipulate data. 

If a task is to be performed by a computer, there are at least 
three vital elements which must be involved: 

° First is data. This can be in the form of numbers, 
letters of the alphabet, or symbols of any type which 
describe machine status, or virtually any information 
that needs to be manipulated and processed. 

° Second, there must be a program. This consists of a 
sequence of i nstructions careful ly devel oped one after 
the other in such a way that when executed in proper 
order the task will be completed. 

•* Third is the need for peripheral equipment. ^^ . ^ 
minimum this is some type of device outside of the 
computer that provides data to or receives data from 
the computer. It could be a printer, a di spl ay device, 
a tape reader, a keyboard, or it could be some external 
machine or i nstrument. . .or any combination of these 
devices. 



:"*•" ""3 fr'""?^f» ui aiijf ui d inynaaoT tasKs that the typical 
or scientific laboratory might require. More recently 
!w of the advent and availability of minicomputers and micro- 



business or 
in viei 

?rth.%'°nfVnnt.nf ^^^ l^^}^^l . growing applications of computers 
il ^^^^3^. of control--control of vi rtual ly any machine or instrument. 
It could be control of a production line, a petrochemical process, 
p!;^!nc,•!^^°c?^f■'^ metal-drilling operation. With the new and in- 
expensive LSI (Large Scale Integration) microprocessors and micro- 
computers, computer control of even ordinary kitchen appliances 
tvnoc^nf '"'•''°?^''^ .°^®"^ ^"^ '"^■^^'^5 is now common. Games, all 
hL^?inn .ni"^^;T"^'' ""l"^^"" ^°°^'' ^^^^^^^ engines, and'home 
inex ensivel ^"^ ^^" ^^ programmed and controlled easily and 



Nature of Data 



Data for computer use i s broken into two categories* 
nd analog. Digital means decimal or binary numbers, or 



a ____^ 

any radix. One should 

tings, etc., fit into 



digital 

, > , -r digits of 

also note that on-off signals, switch set- 
^ , ^, ^'lis category of digital data. In general 

any symbol that represents one of a finite set of discrete 
(such as letters in the alphabet) discrete 

For use with computers, digital 
a pattern of ones and zeroes. 



symbol s 
is an example of digital data, 
means expressing such data with 



Most of the data or information in the world we live in could 
be categorized as analog. It is called analog because it has 
an infinite number of possible values which pres^ent a numerical 
!"!l2^L?f.T°^^°".' P°^■'^i°"^stateof being, etc. An example is the 




Role of the Programmer 

the moment, assume there is a new f^.^^f f^--^"* *"^,f ?J 
be handled by a digital computer. Typically "h^t does it 
rreate a orogram to handle it? First, the new tasK or 
'::s\%e\l.yyzei and partitioned intovaHous known su - 
Further each of these suDtasks musw ue u.uKe.. -rT';. :.;" 

the programmer writes down a list 
in proper sequence for performance 
and the overall task itself. This 
coding or simply coding . 



For 
needs to 
take to 
f uncti on 
tasks. 



of instructions, each executed 

of all of the desired subtasks 

latter process is called source 



each of the instructions 
il ly cal led mac 
This can be done 



Next, the P^°g7'^,'^^^,,7!,^J'f"'J'!Lnera called machine 

into code understood b^. ^^%^°^P"^|3;;gi • 'g Th's can be done 

Z^^^u/^^nc^'^r^J^^ly^^ is called a 

assembler . 

V '\%\ ?h1cr?r^"s^-desnn''e7\T;ur a^nV^iirfh^e '^^^.'^ 
reTa^nrpuraTed^'Cmorrofle'-I'than not (""less a program is simple 
Short) it will probably not run the first time. Or, it may 



and 



Th 



comes next. The pro- 



-SmS^r^.o^:iocate;i^^fTr^ 

^."L^Lnr^tn t.st all aspects of the program's operation. In fact, 
some' programs are so 1 arge and compl ex that they are 
debugged! Bugs are sometimes discovered by 
years later. 

in overview of the functions of a computer and the Pirogrammer 
have tSus been'^explained. So far, it has been stressed that the 
computer mSst have data, must have a program to control it. and 
must be connected to peripheral equipment. 

yith th«.5e basic concepts in mind, it is now appropriate to 
focus in the'computeVitself'and how it is constructed internally. 



never completely 
users months and even 



1.2 BASIC COMPUTER ARCHITECTURE 



for 



.:n^u5^;;^'?;'5r;x,".-,?n:f"«:nj/!;:::j;:Ei:;".li 




f Its machine- and asse:M;!n:j::;e^ [„??^rno::! ^^ *° '^ ™^ 



a 
de 



Principal Building Blocks 

Starting with the high-level 
Figure 1-1 depicts the three 
digital computer: 



block diagram of a computer 
major blocks in a s tor e d- pr og r am 



CPU (central processing unit) 
Memory 

I/O (input/output). 



In 
control 



addition 
paths in 



to the three 



4.U . major blocks, there are dat;» ^nH 

system, the I/O uXuT?„T"nVr' "' '"''' '""^'^- '" -- 
output.' »o^eyZ,itilr„"lL'll 5rf.f!P\^^*^ ^lo^K^-l np"t and 



a single block as shown 



input and output Into 



instrict?:nr'Vre'Vecoded\%d'V„°'"r°" ^.''^ """P"^- «^-e 
_■ .. "'^ uccuuea ana then (^ypm + art n:> + -, -•_ _.^-. 

in zne UPU where arithmetic nr i ^n.-^a^-J"-; r?"". " P/^^'^ssea 

required in the execution of a program?' '"^^ operations are 

teM/.^%:r?r^o/?o^*^?h^?e:lv;a%^VtX'e'^^d^^^^ is-^^ ^°r ^•"- 

waiting to be processed Aico in !I • stored in memory while 
Of 1hs't.uct1on^,-e%1?;d /oV°da\"a TrT/s s?n g"o^. '.Z^Z^UoT"" 

either serially"^ a Single bit at a ii™.?'''^'''' '' '"■°"9*'* <"■ 
bits simultaneously) ^Further ?/n T. %S'" '".P^'-^Hel (multiple 

be output to peripheral device; e(?her ser'i/iV"' "'"'"" '^*^ "" 
In short, it is where the intPrV^r!^^ serially or in parallel, 
the computer and the exte-^"^! worfd? ""'"''^'°"' ^-"^ ^^^e between 



eleme^?^ ! «"" ^" ^^-^'^ '-"ss%r^^! Tl^ IT'l %ro7 MT'''' 
functional configuration ^f ^^-^ ^/J-..! "°^ ^ ^^^^ ^^ the main 



necessary, are not 
of the computer. 



Moving now to each of the 
of the brain, or intelligence. 



major blocks, the CPU is the locus 
Of a computer. it controls the 



ADDRESS BUS 




DATA BUS 



Figure 1-1. Block Diagram of a Computer 



entire computer and executes each of the instructions one at a time 
until the entire program is completed. The following lists provide 
the principal functions of the CPU, the memory, and I/O sections. 
Afterward, further details are given on each section. 

The CPU section: 

° Fetches and decodes each instruction 

° Performs arithmetic and logical operations as required 

by each instruction 
° Performs address housekeeping 
" Determines internal status conditions (flags) resulting 

from the CPU operation 
•* Transfers data to and from the memory and to and from 

the I/O sections , . -. * a 

*» Generates and receives handshake control signals to and 

from the memory and the I/O sections ' . , ^ 
•* Provides all internal timing and control signals tor 

the various registers and other components of the CPU 

itself. 

The memory section: 

" Stores the instructions 

" Stores data from or provides data to the CPU 



CONTROL 
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Figure 1-2. Typical CPU Structure 



° llV?^^L.V^^'^ direction of control signals from the 
CPU (or DMA controller, to be discussed later). 

The I/O section: 

l.V^'^Ml^ ^^® interface between peripheral devices and 
the CPU 

Transmits data and commands to peripherals from the 
CPU or memory 

\t^^lll^ ^^^^ ^^^^ peripherals and passes it on to 
the CPU or memory 

^ Alerts the CPU when peripheral devices need service 
In general , performs under the direction of control sia- 
nals from the CPU. 




INPUT A 



INPUT B 



ALU CONTROL 



Figure 1-3. Arithmetic and Logic Unit 



Components of the CPU 



A detailed view of the CPU is provided in Figure 1-2. A slash 
on a line indicates two or more parallel lines. Being a very 



mark 

complex and critical part of the computers the CPU and its component 
parts merit close attention. Consequently, each of the functional 
blocks in Figure 1-2 is discussed in detail. 



Arithmetic an d Logic Unit (ALU) . 
two paral 1 el 



Figure 1-3 is a diagram 

of the ALU Thawing two parallel inputs (A and B), one parallel 
output (RESULT), plus a status register. Notice that there is also 
a control input that selects one of a set of possible functions 
that the ALU can perform. Specifically, the ALU can be controlled 
to perform any one of the following arithmetic or logic operations. 



Arithmetic Operations 

° Add 

° Shift/Rotate 

° Compare 

" Increment 

° Decrement 

" Negate 

** Multiply 

** Divide 



Logic Operations 



AND 

OR 

EXCLUSIVE Or 

Complement (Invert) 

Clear 

Preset. 



It should be noticed that there is no subtract function indicated. 
That is no problem because to subtract, the ALU merely forms the 
negative of the subtrahend and adds algebraically to achieve the 
desired result. Further detail s on each ALU operation is provided 
in subsequent chapters along with the role of the status bits re- 
sulting from these operations. 

Control . As depicted in Figure 1-2, the control portion of 
the CPU consists of the instruction decoder and sequencer along 
with the timing and control circuits. 

The control portion of CPU: 

Fetches the instruction from memory at the location 
pointed to by the program counter and moves it to the 
instruction register 

Decodes the instruction in the instruction register 
Executes the instruction by means of sequencing a series 
of control and timing signals to the other appropriate 
components of the CPU, the memory, and the I/O 
° Performs al 1 operations under control of the clock 
Control s al 1 data transfers between various components, 
both external (memory and I/O) and internal 
In general , controls the enti re computer by means of the 
timing and control circuits. 
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g » Quite often in a computer it is necessary 

to perform an addition on an initial address in order to provide 
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in memory. Consequently, computers sometimes utilize 



the 



desired 

special circuits that assist in forming such addresses. Examples 
of this are given in detail later. However, at the present, 
modifying an address might consist of using, say, an index reg- 
ister (to be discussed later) and perhaps even using a special 
incrementer/adder circuit designed expressly for modifying a data 
pointer or a program counter. In many computers, this address han- 
dling is performed by the arithmetic logic unit in conjunction with 
the registers indicated in Figure 1-2. 



Registers . Perhaps the variety of regi sters and their configura- 
tions constitutes one of the major distinguishing features of a 
given computer. A listing of a number of various types of registers 
is given below followed by some detail ed information on the special 
function of each. 



Program counter (PC) 

Instruction register (IR) 

Memory address register (MAR) 

Memory data register (MDR) 

Accumulator or working register (ACC or WR) 

Status register (SR) . 
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Program Counter (PC) . This register is responsible for keep- 
ing t7acK~Tr~tTiennext~Tn"structi on to be fetched from memory. Typi- 
cally, it is 16 bits in length; however, it can be shorter, with 
the correspondingly smaller address space in memory. Highlights of 
the program-counter operation are as follows. 

** It is automatically updated when each instruction is 
fetched so that it will be ready when the next fetch 
is needed (see Figure 1-4). 

** Unless instructed otherwise, the CPU will keep on 
executing instructions sequentially. 

° Transfer-of-control instructions alter the contents of 
the PC to cause program control to go (i.e., jump 
or branch) to a different point in the program. 

° A special i nstruction may cause the CPU to stop incre- 
menting the PC and, thus, stand in place. 



Instruction Register (IR) . As mentioned above, the program 
counter is always pointing to the next instruction to be fetched. 
Thus, when it is time to fetch the next instruction, the program 
counter contents are transferred to the memory address register 
along with appropriate control signals. In return, the instruction 
pointed to is fetched and transferred into the instruction register 
as shown in Figure 1-5. The IR holds the instruction while the 
CPU executes it. The decoding logic in the CPU analyzes the various 
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Figure 1-5. Instruction Register 
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the instruction to determine what operation is to be 



Memory Address Register (MAR) . This register (Figure 1-6) con- 
tains addresses for instructions, memory data, and I/O devices. 
The address to be placed in the memory-address register is controlled 
by the CPU at all times. For example, when an instruction is to 
be fetched, then, obviously, the contents of the program counter 
must be transferred to the MAR. Similarly, when an instruction 
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Memory Data Register (MDR) . The principal function of the MDR 
IS to buffer data going into and coming from the memory. It is 
used primarily to pass data between the central processing unit 
and memory, or, between the central processing unit and I/O devices. 
Thus, it is a bi-directional register. See Figure 1-7 for a block 
diagram. Sometimes a computer i s designed with a set of two MDR 's--one 
for input and one for output. Such an arrangement would not be 
bi-directional. In minicomputers and microcomputers, this latter 
type of design is becoming s^T)f rare. 



Accumulator or Working Register (ACC or WR) . This is a temporary 
working register of the CPU, accessible to the programmer. It is 
used in a variety of operations including the source or destination 
for data transfers, arithmetic and logic operations, and other 
special-purpose instructions. Typically the result of an ALU operation 
is placed in the accumulator as depicted in Figure 1-8. Generally 
the accumulator is connected to one of the input data ports of 
the ALU as shown ( indicated by the A bus input). In the discus- 
sions that follow, when the term "register" is used without a 
qualifying adjective, it usually refers to a working register or 
accumul ator. 
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Figure 1-6. Memory Address Register 
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Figure 1-7. Memory Data Register 







Figure 1-8. Accumulator or Working Register 

In earlier CPU's, it was quite common to have only one accumu- 

However, as will be shown later, a single accumulator turns out 
to be a bottleneck in the execution of a program. 

Status Register (SR) . Thi s regi ster, shown in Figure 1-9, con- 
tains all of the status or flag bits that must be retained in 
the CPU after each arithmetic or logical operation is completed. 
In some machines this is called a program status word (PSW) or 
flag byte. Some of the more typical status flag bits are 

** Arithmetic carry 

° Arithmetic overflow 

° Result of an operation being zero 

** Result of comparing two operands: operands equal or 
one operand arithmetically greater (signed value), 
or logically greater than (unsigned value) the other 

** Parity on the last result 

" Sign of the last result 

"* Interrupt enable status. 

One may well ask, "What is the purpose of the status register 
and each of the status bits?" The answer is that conditional 
jump or branch instructions make decisions by the condition (ONE 
or ZERO) of sel ected SR bits. This can cause the program to transfer 



10 



12 



13 



14 



15 



I\ \ V \ V 1_^_>.A \ \' \ \ I 

I \ \ \ 'RtiitMVtU \ \ \ \ I 

I \ \ \ V 'v \ \ \ X \ \ \ \l 



Interrupt mask 



L> 


LOGICALLY GREATER THAN 


OV 


OVERFLOW 


A> 


ARITHMETICALLY GREATER THAN 


OP 


ODD PARITY 


EQ 


EQUAL 


X 


XOP BEING EXECUTED 


C 


CARRY 







Figure 1-9. University Board Status Register 



control to another area of the program based upon the results 
from a prior operation that set the SR bits. For example, after 
comparing two operands, the programmer mi ght wish to use a transfer- 
of-control instruction such as "Jump if Equal." In such a situation, 
after finding the two operands to be equal, the machine automati- 
cally transfers control to another point in the program (not the 
next instruction as it would otherwise). 



Buses . A bus is simply a common parallel path over which 
information is transferred, from any ol" several sources to any 
of several destinations. Referring back momentari ly to Figure 1-2, 
it should be observed that all the interfaces to the CPU are buses. 
At the to" is the data bus over which data "oin" to and from memor^ 
and going to and from the I/O will flow. But, since this flow 
must be controlled, there must be control signals transmitted on 
the control bus to ensure that proper timing does occur. Another 
bus indicated on Figure 1-2 is the address bus. Addresses going 
to the memory and also to the I/O devices come out of this one-way 
bus. 

The data bus itself is generally bi-directional, i.e., data 
flows both ways over the same lines under control of signals from 
the CPU. On the other hand, the control bus usually has a separate 
set of lines to handle input-sensing control signals and to handle 
the output of control signals generated by the CPU. 



Memories 



There woul d be no such thi ng as a stored-program digital computer 
if there were not some type of medium for storing the program. 
In fact this is so vital to computer technology that one can say 
that computer technology cannot itself advance without advances in 
the development of newer memories with certain desirable features. 
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Figure 1-10. Block Diagram of Random Access Memory Chip 



In general, one can say that the function of memory is that 
of a storage medium which holds a sequence of computer words. Each 
memory word may contain a program instruction or it may contain 
simply data, either a constant or a variable. Each memory word has 
a distinct location called a memory address, and the data stored 
at that address is stored as a set of electrical voltages that 
represent binary ONE's and ZERO's. The number of memory devices 
(generally called "chips") required by a gi ven computer system will 
depend upon its total needs with regard to read/write and read-only 
memory. Details on the configurations of both types of these memories 
are given in Chapter 5. 

There are two main types of memories: nonvolatile (permanent) 
and volatile (requires power in order to maintain the memory con- 
tents)^ Nonvol ati le memories are further broken down into read/ 
write and read-only categories, although most nonvolatile semicon- 
ductor memory devices are in the read-only category. There have 
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been many improvements and breakthroughs in semiconductor memory 
technology, some of which are reviewed in Chapter 5. 

For a clearer understanding of memories and memory systems. 
Figure 1-10 shows atypical read/write semiconductor memory device. 
Such devices are generally referred to as RAM, jrandoma_c cess memory . 
Referring to the diagram, a memory address from the CPU's address 
bus is provided to the address pins on the memory chip (or chips). 
This address can be considered to contain two fields as in an X-Y 
coordinate system. Once the X-Y coordinates settle in the memory 
chip they are decoded by the respective row and column decoder 
and thus select a given cell position. The cell position is often 
replicated within the chip to provide a parallel N-bit word at 
the selected X-Y address position. If the chip-select (CS-) input 
is active, then the RAM chip would be ready for either reading 
or wri ting depending upon the activity on the read/write (R/W) line 
shown on the diagram. Typically, the data coming in and going 
out of the chip are handled with a singl e bi -di rectional data I/O 
port consisting of one or more pins. In Figure 1-10, separate IN 
and OUT pins are shown. 



Input/Output 
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the outside ( input ) . Likewise results or control to external devices 
cannot happen without output . Thus, an important measure of the 
versatility and uti 1 ity of a computer is its ability to communicate 
with external devices or equipment. 

One of the simplest configurations for handling I/O is to use 
a special input/output register. Whenever a data word is ready 
for output, it is transferred from memory or from the accumulator 
into this'l/0 register. Or , conversely , when an external peripheral 
device needs to input a word into the CPU, it merely puts the 
word in its output register and sets its status latch to indicate 
that data is ready to be transferred into the computer. 



Typical I/O Configuration . Referring to Figure l-U, it can be 
seen that a CPU not only requires the I/O register but also requires 
an address register. The latter can be expressly for I/O operations 
or the CPU can share the same address register as that used for 
operations. If the memory-address register is used and 
data appears on the data bus in conjunction with memory 
signals, the type of I/O is called memory - mapped input/ 
In this case, the I/O circuits look 1 ike memory circuits 
to the CPU, and are "mapped" i nto certai n addresses (ci rcuits respond 
when certain address line values are present). Alternately, of course, 
the I/O register can be on data lines separate from the memory 
data 1 ines, but still share the address lines. Another scheme might 
be to share common address and data lines, but provide separate I/O 
control signals. In still another type of CPU, the I/O register 
shown on the diagram might also be used to carry the address in 
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Figure 1-11. Typical I/O Configuration 
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a time-multiplexed mode. In such cases, the address would 
on the I/O register first followed by the data. Thu 
would have to be latched externally to hold iWoV de'codi ng. Subse- 
quently, the data to be transferred would then appear on the I/O 
bus. 



read 
1-11 



In addition to the I/O register and the address register, it 
should be noted that two strobes are a part of the I/O interfacing: 
(IN) and write (OUT). Connected to the I/O bus in Figure 
are one output device (printer), two input devices (tape-reader 
and peripheral status register), and one input/output device (key- 
board/ printer termi nal ). Al ternately , the two signals can be organi- 
zed such that one indicates active I/O, and the other gives the 
direction, say, a ONE for a read (IN) or a ZERO for a write (OUT). 



I/O Operation . The operation to be described is called pro- 
gram- con troTTed~T70T~ For the moment, assume that the CPU has just 
fetched an i nput instruction. The reason for the input instruction 
is to have the CPU check, say, a peripheral status register. The 
latter contains the status of various peripheral devices connected 
to the CPU. In short, the CPU is checking to determine if a given 
peripheral device is ready to receive data or if it has data to 
transmit to the CPU. This operation is called poll ing and as 
can be surmised, it can be wasteful of CPU time if the data being 
input is coming from a keyboard activated by a human operator. 
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a relatively slow form of input compared to the speed of the CPU. 



In some cases, keyboard data may be 
a sequence or block of characters. 



oaded in a terminal buffer 
as a sequence or diock. ui unar au uci a. The time spent polling 
or waiting for the device to be ready is called software overhead. 
The temporary storage of characters in a buffer serves to reduce 
this overhead. When a device is ready another input instruction 
is executed. The input operation proceeds as follows. 

° The input device address is placed on an address bus. 
*» An address strobe is sent out on the appropriate control 

line. . 

*• The device places its data onto the data input bus. 
** A data strobe is sent on the appropriate control line 

to acknowledge to the peripheral device that the data 

has been received by the CPU. 

A similar sequence of events occurs for outputting data to 
a peripheral device. The principal exception is that the CPU would 
first place the device address on the address bus, then place on 
the data bus the word of data to be transferred. Strobes function 
in the same way as discussed above. 

It should be stressed that the timing for this particular I/O 

but, in any case, it should be sufficient 



operation is constant, but, in any 
to make certain that the address decoder top 
(shown in Figure 1-11) has sufficient time 
activate the addressed peripheral device. 
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To summarize the I/O operation described above , it can be said 
that three actions take place to perform an input/output operation: 

" An address must be sent out to the peripheral device 

^#v Ka a r\ iT^ 4r\ a fs a 

** The data must be placed on the data bus going to or 

coming from the peripheral device. 
•* Suitable strobes or clock signal s must be provided to 

ensure synchronous operations of all transfers. 

As mentioned earlier, the particular configuration and opera- 
tion of input/output described above is called program controlled 
I/O. Several significant enhancements or improvements in I/O opera- 
tions are discussed in a later section. The principal weakness of 
the program-controlled I/O operation is that in some applications 
a great deal of time could be spent in polling and therefore not 
performing any useful work. 

A problem common to most computers is that multiple devices 
need to be connected to the CPU. Therefore, some means of isolating 
each of the devices is necessary so that only the addressed device 
is active on the I/O bus. In earlier computers, this was handled 
with what is called open collector interface devices using what 
is termed collector logic . With time, improvements have been made 
in this area as discussed later in the chapter. 
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Figure 1-12. Computer Configuration Showing CPU, Memory, and I/O 
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So that the reader will more fully understand the function 
of the various component parts of a computer, a program example 
is now given. 

1.3 EXAMPLE OF COMPUTER OPERATION 

To illustrate a computer's operation. Figure 1-12 is used to 
provide a view of the entire computer with CPU, memory, and input/ 
output. There is sufficient detail to trace various data and program 
words throughout the system. To avoid starting at too elementary 
a level, it is assumed that already loaded into the memory are 
two programs in ROM, namely: 

° Front panel service routine --a program which senses 
thTpbsitions of 16 switches used for inputting a 16-bit 
word (either address or data), and 16 display lights 
(LED's) used for displaying a result. In addition, 
there are other inputs such as pushbuttons that are 
used to initiate certain actions. See Figure 1-13 for 
an exampl e of a typical front panel configuration. 

° Monitor--a proaram that enables the user to commun- 
icate with the^CPU. It allows him to input programs 
by means of a tape recorder/reproducer or keyboard and 
also to print out data on a terminal printer. In addition. 
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the monitor allows the user to inspect and modify the 
contents of the program counter, the status register, 
and the accumulator. All of this is achieved by means 
of simple commands from the keyboard followed by appro- 
priate numerical data (generally hexadecimal format). 

Having both a front-panel subroutine and a monitor now permits 
the user to make a choice on how he will load his program. He can 
load it through the tape reader using the monitor's built-in loader, 
or he could use the keyboard and simply modify memory. Further, 
he can 1 oad i t a word at a time by means of the front-panel switches. 
If the program is short, it really will not make much difference 
which way it is loaded, because it takes yery little time to load 
a short program by means of the front switches or the keyboard. A 
point to be stressed is that, in any case, the user must find some 
means to get hi s program i nto the memory of the system if he wants to 
execute it. If the program were longer and used frequently, it could 
be stored in one or more ROM chips which are merely plugged into the 
memory of the computer and, therefore, would be ready for execution. 

Program Example 

The program selected for this example is as follows. 

Add the two values stored in memory at locations 
X and Y, put the sum (result) out to the binary front- 
panel display and then branch to the monitor program. 
If an output carry occurs in the addition process, put 
out all one's to the binary front panel display, then 
branch to the monitor. 

A flowchart and compl ete 1 i sting of the program exampl e are given in 
Table 1-1. 

Prior to stepping through each instruction and data movement 
on Figure 1-12, it would be helpful to first review the binary 
formats of computer instructions generally and the purpose and func- 
tion of each particular instruction in this program example. 




immediate operand or an address of an operand. When a CPU has 
several addressable registers or accumulators, then often the address 
of two of them can be put in this portion ( fiel d) of the instruction. 
A direct memory address using the entire second word of a two-word 
instruction is shown in Figure l-14(b). AnN-bitword thus addresses 
a total of 2" words in memory. The format for a two-word instruction 
with the second word as an immediate operand is illustrated in 
Figure l-14(c). Not shown, but common i n more sophi sticated i nstruc- 
tton sets, is a three-word instruction consisting of an op code 
(first word) and two memory addresses (second and third words). 



TABLE 1-1 



LISTING AND FLOWCHART OF PROGRAM EXAMPLE 



LABEL INSTRUCTION 



1 cTBDT ur\\i V Acr 



2. 



ADD Y,ACC 



3. 



JOC ERR 



COMMENT 

MQVe thG value dt 
memory location X to 
Accumulator. 



ADD the value at 
memory location Y to 
accumulator; if carry 
occurs, indicate in 
status register. 

J^ump O^n C^arry to in- 
struction labeled 
ERR, i.e., if carry 
occurs, jump. 



C START 3 



4. DISP MOV ACC,IOREG MOVe value in ACC to 



5, 

6. 

7. ERR 

8. 



lOREG. 

OUT FP OUT put contents of 

lOREG to address of 
Front Panel . 

BR MONITOR BR_anch unconditionally 
to monitor program. 

LDI ACC,ALLONES LoaD J^mniediate ACC^ 
"with all one's. 




JMP DISPLAY 



JuMP unconditionally 
to instruction labeled 
DISPLAY. 



r END ) 



With regard to the program example, the f i rst i nstruction says 
to move the value at memory location X to the accumulator. Sometimes 
this is referred to as a "load" instruction. The second i nstruction 
says to add the value at memory location Y to the contents of 
the accumulator (which prior to the execution of instruction 2 con- 
tained the value that was moved to it from location X). The third 
instruction says to jump on carry, that is, take a jump to location 
labeled ERROR if an output carry occurs in the addition process 
executed in the prior instruction. This means that the CPU will 
have to test or sense the carry-status latch in the status register 
to determine whether or not a jump is to be taken. At the moment, 
assume that a carry did not occur. Instruction 4 requires that 
the contents of the accumul ator be moved to the I/O regi ster. Instruc- 
tion 5 requires that the contents of the I/O register be output 
to the front panel--a peripheral device--the address of which is 
indicated with the abbreviation FP. 
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The sixth i nstructlon re- 
quires that the CPU make an 
unconditional branch (change in 
the contents of the program coun- 
ter)to the starting address ofthe 
monitor program. Generally, when 
the monitor program is executed 
it indicates that it is working 
properly by issuing a "prompt" 
character to the printer or dis- 
play device. The prompt character 
indicates to the operator that he 
may enter a monitor command, say, 
to inspect or modify memory, or, 
perhaps, to inspect or change the 
program counter, accumulator, or 
status register. 

Going back to instruction 3, 
suppose that a carry was indeed 
generated in the addition pro- 
cess. The CPU, having sensed the 
carry on the status register, 
would then proceed to add a dis- 
placement value to the contents 
of the program counter, which 
would cause the computer to jump 

(instructions 4-a, and proceed dlre^tTy "t^ ^ ^^I^^ul^T^H^^ 
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v^:" ■• • y- V. ¥d.«e oi ail ONc b. in snort, a binary word 
consisting of all ONE's is loaded into the accumulator by this 
instruction. Instruction 8 then causes the program to jump uncon- 
of Jhp'V/'° w instruction labled DISP whereupon th'e?onten!s 
.lit accumulator would be moved to the I/O register and then 
?hur%h2 \^^ front-panel display before branching to the monitor? 
Thus, the operator would see at a glance that all of the liaht 

ih^^','°.?°"'^^^^°^''P^"'^ display are active, clearly indicaling 
that a carry condition did exist in the addition process. 
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Figure 1-14. Typical Instruction 
Formats 



Loading the Program 

words)' "?t^w?i?''Kr? ^.'''J'PJ^ '"' relatively short (about a dozen 
?2r / ' * ^'V^ ^® loaded by means of the front-panel switches 
The front-panel switches are first selected to input the Iddres^ 

?Sr'wi\'h%V;%'HH"'''"''i°" '''' '' '''''''^ '^y- memory'location 
luu. With the address set up on the switches of the front oanel 

an appropriate pushbutton is depressed causing the address 'to be 
in FVauV"e 1?/ ^^^'^^r^' 't''''' ^^^ister. See circle 1 path 
be ino^ut^ Vh.V.A'*''*^^ °.V!^^. ^"^^"^ panel now selects data to 
is spJ^io nn .1 /^'V «"^the first word of the first instruction 
s set up on the front-panel switches. The LOAD DATA pushbutton 
IS depressed indicating that the data is to be transferred through 
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the I/O register and the memory-data register into the memory a 
location 100, indicated with a circle 2 on the diagram. At thi 
point the memory-address register is incremented, handled by a sep 
arate pushbutton on the front panel . The new incremented value move 
along the circle 1 path. The second word of the first instructio 
contains the address X = 120, for this example. The LOAD DAI 
pushbutton i s depressed agai n causing the value 120 to be transferre 
through the I/O register and the memory-data register into U 
location at address 101, illustrated again in Figure 1-15 wit 
the circle 2 on the dotted line. 

In a similar way, the second instruction, also consisting c 
two words, is loaded through the front-panel switches. 

As in the first instruction, the initial word of the secor 
instruction contains the operation code of the instruction mdicatir 
that the accumulator is to be the destination of this pa^'ticuli 
operation. The second word of the instruction contains the addrej 
of location Y, namely 121. The remaining instructions are load( 
one word at a time until instruction 8 is loaded, at which tii 
the loading process is complete. 



Initialization of Data and Registers 



this example, values for X and Y at locations 120 and 12 
ively, are loaded into memory. The program counter thi 
initialized to the f i rst i nstruction of the program, 1 ocati 
ing the front-panel switches. Circle 2 and 3 paths on Fi gu 
dicate the data movement path for this. Actually, under fron 
ontrol, the value for the PC loaded through the front-pan 
s is not immediately transferred to the PC but is held 
rary register until the RUN button is depressed, ^'f^n t 
ator a n d t h e status r eg ister do n o t re qu ire initi a l v^^^ -- 
for proper execution of this program. Therefore, the profQi^ain 
now ready for execution. ; f 



In 
respect 
must be 
100, us 
1-15 in 
panel c 
swi tche 
a tempo 
accumul 



Execution 

The next step is to cause the program to be executed jby mea 
of depressing a pushbutton on the front panel called RUN,, up 
this point, the computer has been running; however, it h^as be 
under full control of the front-panel subroutine--the subrouti 
that has allowed the operator to 1 oad i n one at a time the instructio 
required for his program. In order to execute a user progra 
the front-panel pushbutton 1 abel ed RUN must be depressed result! 
in the program-counter value entered earlier being loaded mto t 
program counter to cause the first i nstruction of the user s progr 
to be fetched. 

Referring now to Figure 1-16, the contents of the progr 
counter are transferred to the memory-address register and tr 
on the memory, shown with a circle 4. The word at location ] 
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Figure 1-15. Paths for Loading the Program 
and Initializing the PC 
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Figure 1-16. Instruction and Data Transfers Required 
for Execution of the First Instruction 
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(the first instruction) is now transferred out of memory into the 
memory-data register and then over to the instruct?on%eqister 

ILl^'fllMl ^J! ^ .'''/ll^r ^^^ instruction is decoded and requires 
that the second word of the instruction be fetched before the instruc- 
tl^ncf^" ^//""fu"^.^^- ^^'^^ *^^ first instruction word was being 
wprP fpH?n ti« Mu V^J^^^tio" register the program-counter contents 
vflMP niVrJ k/A" -^^^f incremented concurrently and the incremented 
value placed back in the program counter, circle 6 path. Thus the 
second wprd of the instruction, at address 101, is now fetched 
and brought not to the instruction register but to the memory-address 
register (MAR) as indicated by circle 7 on Figure 1-16. ^^^'"ess 

^9n JUll second word of the first instruction contains the address 
120 which is what has been cal led location X. The value at location 
'ni?cS?:d™with circleT^' '' ''' accumulator by means of the path 

. c-Jf!^"'''"^ ?°K .*°. ^'9ure 1-17, the third word is fetched in 
?or ?ni Th^ ^''^"1"^ with circle 9. It contains the instruction 

Y m5??* J-^l'?""*"^ *'°'''* °^ ^^'^ instruction contains the address 

Y (121) which IS fetched and transferred to the MAR (circle 10) 
in order that the contents of location of 121 may be transferred 
from the memory through the MDR to the B input^ or port of the 
ALU (circle 11). Notice also that the contents of the accumulator 
(containing the value at location 120) are now connected into the 
?hS%' T'i°^ ^^'-^^^ (circle 12). Once these values are ip?ace 
the control unit issues the appropriate control signal to the ALU 

and'onl'tha? ",tV\\Z''i '^ ^«M«1"«. one from the accumulator 
?c „? * \^^^ .'*®®" placed in the MDR from memory. The result 
IS now transferred to the accumulator (circle 13). resuii 

nr-nrocc^^^^T^f^"* ^u^ "'°"'®"* ^^^^ "° ^^^'^''^ occurred in the addition 
process. Then when instruction 3 is fetched, the control unit 

?S^l nn'"? '^' '^'P. flip-flop in the status register and defect 
be fetched IL '/;.'1'^;h ^^""^"^"tly, the next instruction woulS 
to III j/n ^"^. ^,^"se the contents of the accumulator to be moved 

?s fJrii, ?h^''^^V V ' ^"^ °" ''^'^"^^ 1-17. When instruction 5 
IS fetched, the control unit causes the contents of the I/O register 
to be transferred to the address of the front panel The adiress 
IS contained in the second word of the OUT instructio^. Thereforl 
before this instruction can be completed the address of the front 
panel must be transferred from memory (second word of the ?nstruct[on) 
to the memory-address register (MAR) and then on cut to ?he deciSer 

out of MAr (Srr'H''''^"°" °^ ''^ '^'^^ram. See circle 15 path 
InM ^I*^ : ^I'f decoder recognizes the address for the front panel 
and activates the front panel (circle 16) to receive the word blina 
transferred from the I/O bus (circle 17). The final step in Ihl 
lo"Musr?hpn''"V°" \^ ' strobe generated by the control ""U 

transferred to irfrS^tl *?,;;^"^"^e ^"^ ^old (latch) the contends 
trunsTerreo to it from the I/O register. 

nov* 2"*®^^^^"^ transfer of data to the front panel is made the 
next fetch executes a branch to the monitor, 'causing the firs? 
instruction of the monitor program to be brought into the instruction 
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Figure 1-17. Data Transfers Required for 
Execution of Additional Instructions 
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register. At this point the user's program has been completed, 
and the CPU is now operating under control of instructions in the 
monitor program. Consequently, a prompt would be generated by 
the program and transferred through the I/O register to the printer 
shown on the diagram. Figure 1-17. 



*u * 5?^"9 back tQ ^^g program example for a moment, assume now 
that the addition process did result in a carry. In this case 
the control unit senses the carry and instead of fetching instruc- 
tion 4, It fetches instruction 7. It achieves this by taking the 
displacement value (typically eight bits) from the JUMP ON CARRY 




by the instruction. It then proceeds to fetch the next instruction 
number 8 (JMP DISPLAY), which requires an unconditional jump ?o 
the locationlabeled DISPLAY. This means that the unconditional-jump 
instruction contains a negative displacement value. This negative 
value, when added to the present contents of the program counter 
(already advanced to the next location), results in the address 
Of instruction 4. The program proceeds as discussed above to complete 
the execution of the program and branch to the monitor. 

Instruction 6 (BR MONITOR), when fetched, requires that the 
second word of the instruction be transferred from memory directly 
into the program counter in order to cause an immediate change in 
the program counter to the starting point of the monitor program. 
This means, of course, that the old value of the program counter 
IS destroyed and replaced by the address of the monitor's first 
instruction. 

With this illustration 




thon il ^^® ope;;ator desired to execute the program a second time, 
with ^m.H°"^ ' ^^ means of the monitor program, go into the memory 
with a modify memory keyboard monitor command and modify the contents 
^L^^^^'2!!^ X-TFTy to set the program up for new data to be 
added. Then the monitor can be used to modify the value in the 
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1.4 ARCHITECTURAL ENHANCEMENTS 

Because of the rapid, almost revolutionary, developments in 
semiconductor technology, substantial improvements have been made 
in the architectural design and conf i guration of computers--partic- 
ularly microprocessors — in recent years. This section reviews some 
of the hiqhliqhts of these developments to enable the reader to 
have a better" perspecti ve of the total spectrum of capaointies 
now available in the form of microprocessor and microcomputer chips. 
The architectural enhancements discussed here cover the CPU, memory, 
and input/output. 



CPU 



Principal enhancements in the CPU's architecture include mul- 
tiple accumulators, some special types of registers, a stack, and 

Each of these enhancements is covered in 



microprogram control, 
some detail below. 



Multiple Accumulators . Probably the single feature which has 
added more convenience tor the programmer has been the mclusion 
Of multiple accumulators or working registers. Such an arrangement 
may well imply the need for dual internal buses so thaj; boJ:h a 
source and a destination register can be addressed in an msurucuion. 
_. accumulator or working register allows 




This diagram shows how a single demultiplexer is used to take 

^.. - -i X. r +i,^niii=,«H +y«ancfor itinthp <;electedreqister 

(RO R1...,R15). On the other side of the registers are found 
a source multiplexer and a destination multiplexer. The source multi- 
plexer selects one of the 16 registers for placement onJ;he^ 
bus while the other multiplexer selects one of the 16 registers 
for connection to the B bus. (Details on the operation of data 
multiplexers and demultiplexers are provided in The TTL Data Book 
for Design Engineers , 



Second Edit ion.) 



Index Register. Often a CPU contains what is called an 
index register. Thi s regi ster i s used to hoi d a di spl acement or off- 
set value to, say, the beginning of a table of constants i" memory. 
Then an instruction can reference any word in the table merely 
by adding this displacement or offset value to the address portion 
of the instruction. Thus, when the instruction is fetched, the 
address portion is transferred to one port of the ^LU. lo tne 
other port is transferred the contents of the i ndex regi ster. Addi tion 
hen performed, resulting in what is called the target or effective 
ess. The index register itself may be a completely separate 



is t 
addr 



register or it may be one or more of the working registers or 
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Figure 1-18. Multiple Accumulators or Working Registers 

fSnlir^^K^''^' Figure 1-19 depicts the process of forming an effective 
address by means of an index register. 



It 
and the 
address 
itself. 



IS stressed that this addition of an instruction address 
displacement in the index register to form the effective 
does not normally change the value in the index register 
.r.A . K4. ^^* "^l?^ ^^^^ instructions as increment, decrement, add, 
and subtract, the programmer can readily modify the value in the 
index register and thereby systematically step through the table. 



^„ Workspace Pointer (WP). One of the most recent enhancements 
to CPU architecture is the workspace poi nter. The workspace pointer 
is a register loaded under program control and used as a pointer 
(contains the address) to a block of, say, 16 workspace registers 
contained in RAM. This means that the accumulators or working 
registers are located in memory rather than in the CPU's hardware 
as Illustrated in Figure 1-20. The principal advantage of this 
concept is that the programmer can select more than one block of 



registers to solve a complex programming problem by merely reloadin 
the workspace pointer whenever his program requires a "contex 
switch (e.g., interrupt). In short, when the programmer reache. 
a point in his program where he needs more registers to perform 
a subroutine, he merely uses a type of branch instruction which 
wh^irih "°l °"l^ ^" ^^^i^ess to the new portion of the memory 
where the subroutine islocated butalso a new value whi ch i s 1 oaded 
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Figure 1-20. Workspace Register Concept 



31 



into 
a Sep 
rally 
works 
is no 
are a 
"cont 
drawb 
that 
refer 
the a 
drawb 



the workspace pointer. This allows the programmer to use 
arate block of registers exclusi vely for the subroutine. Natu- 
, the last program counter value and the prior value of the 
pace pointer have to be saved in a context switch, but there 
requirement to save the prior block of registers since they 
1 ready stored in memory, thereby saving time. Exactly how the 
ext switch IS achieved is treated in Chapter 8. The single 
ack of using a workspace pointer with registers in RAM is 
It takes more time to access memory when processing instructions 
ring to workspace registers. Recent experience indicates that 
dvantages of the workspace poi nter concept outwei gh this single 
ack, especially in real-time { i nterrupt-dri ven) applications. 



Stack. A hardware stack is a special kind of memory which 
has sequential access in the following way. Words are pushed on 
to the the top of the stack in sequence and are pulled off the 
top of the stack in reverse order. Such a memory is called last- 
in-first-out (LIFO). Words are pushed one at a time onto 
from a bus and pulled off the top of the stack back 
as shown in Figure 1-21. 



the stack 
onto the bus 



For 



* *u u ^housekeeping purposes, there is special logic connected 
to the bottom of the stack (OR gate) so that whenever a word moves 
into the bottom location, a stack full signal 
fed to the control portion of the CPU. — ~ 
used to indicate that the stack 



. is generated and 
Asimilar signal is sometimes 



save 



IS empty. 

The main purpose of the stack is to allow the programmer to 
the contents of the registers (the CPU machine state) on the 
stack for temporary storage while the program transfers to another 
location for processing a subroutine or an i nterrupt. As di scussed 
previously, a CPU using a workspace pointer achieves the same result 
quite conveniently by means of the "context switch. " The addressinq 
mode for a stack is particularly simple since there is only one 
address to the stack, namely, the "top." The stack's usefulness 
in nested subroutine operation can be significant. 



for e 



Stack Pointer(SP) . Some central processi ng units do not provide 
ither a stack or a workspace pointer in their hardware con- 
figuration, but instead use what is called a stack pointer. Thi 
IS a register that is initialized by the programmer and points t 
the location of the first place in RAM memory designated by th 



s 



programmer as stack. This is illustrated in Fi gure "1-22" w'herei n 
a number of locations are shown below the top location of stack 
This IS sometimes called a software stack and places the burden of 
housekeeping on the programmer to make certai n that stack operations 
are always between the top and bottom locations. The burden is 
somewhat offset by the advantage that a larger amount of stack 
storage is available in memory which can accommodate a very deeo 
stack before reaching "bottom." ^ 



32 



To illustrate, assume that 
the stack pointer is initialized 
to memory location 1031 and that 
the bottom location has the ad- 
dress of 1000. This provides a 
total of 32 word locations for 
use by the programmer for all 
stack ^operations. The first word 
pushed onto the stack is stored 
at location 1031, after which the 
SP is automatically decremented 
to the address 1030. The second 
word is pushed onto the stack at 
location 1030 and again the SP 
is automtically decremented to 
the value 1029, etc. When a PULL 
(or POP) instruction is executed, 
the CPU automatical ly increments 
the stack pointer to the next 
higher address; then it transfers 
this word. Thi s 1 eaves that par- 
ticular location available for 
a PUSH instruction if one should 
occur prior to a PULL instruc- 
tion. 
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Figure 1-21. Stack 



It should be clear that the 
operation of the stack pointer 

address is such that the software stack works on the same basis 
as the hardware stack; namely , 1 astin-fi rst-out. The housekeeping 
chore of keeping all stack operations within the top and the bottom 
locations has to be assumed by the programmer. This is generally 
handled by checking the value of the stack pointer after ea^ch oper- 
ation. Needless to say, if the value in the stack pointer ever 
goes outside the limits of the top and the bottom addresses, tem- 
porary data could be destroyed thereby causing erroneous program 
operation and results. 



Mic roprogram Control . The use of microprogram control in a 
processor to decode and generate the various control signals within 
a CPU represents a significant improvement in the systematic desi gn 
and operation of the control portion of the CPU. In one sense, 
the microprogram control portion of a CPU may be considered an 
inner computer . In brief, when an instruction is fetched, the 
instruction causes a sequence of micro instructions within the micro- 
programmed control unit to commence execution. Each micro instruction 
directs the central processing unit to perform one step in the 
execution of the instruction. Thus, a set of micro instructions 
constitutes what is called a macro or machine instruction . Macro 
instructions are, therefore, the machine instructions used by the 
programmer to develop a program. In the vast majority of cases, 
the manufacturer of the CPU defines the instruction set in what 
is called microcode; therefore, the instruction set is fixed by 
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Figure 1-22. Stack Pointer 



means of the internal mask that becomes 
processor design. 



a part of the standard 



Although such a microcode was developed (microprogrammed) by 
the manufacturer, this does not mean that it is microprogrammable 
by a user. General ly, chips referred to as bi t-sl ice microprocessors 
are microprogrammable. The latter constitute multiple-chip CPU's 
and are beyond the scope of this book; however, they should be 
considered when a very high speed, special 
is required. 



purpose microcomputer 



unit. 



Figure 1-23 depicts a configuration for a microprogrammed control 



Memory 

In recent years there has been an upsurge and proliferation 
of semiconductor memory devices. In addition, new configurations 
of magnetic storage devices have been developed to provide bulk 
auxiliary storage of programs and data for rapid access. A review 
of the two major categories of nonvolatile and volatile storage 
devices available will provide some idea of the extent of the growth 
in this technology. 

A list of various types of nonvolatile storage devices includes 
Semiconductor devices 

I ROM (Read Only Memory) 

PROM TProgrammaFle Read Only Memory) 
^ EPROM "TEraseable Programmable Read Only Memory) 

EAROM (£lectricalty Alterable Read Only Memory) 
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Figure 1-23. Microprogram Control Unit 



Magnetic Devices 

° Core (for years the principal type of computer main 

memory) ^ ^ • ^ \ 

" Tape (reel-to-reel, cassette, and cartridge) 

** Disk (rigid and floppy) 

** Bubble (MBM, Magnetic B^ubble Memory) 

" Drum (rigid) 



Nonmagnetic Devices 

** Paper Tape 
** Cards. 



-JK 



Similarly, a list of the various types of volatile memories, all 
of which are semiconductor, includes 

** Static RAM (R^andom Access M^emory) 
** Dynamic RAM 

** Shift Register (dynamic and static) 
* CCD (Charge C^oupled £evice). 

Some of the features, characteristics, and comparisons of the 
new semiconductor memory devices are reviewed below to provide some 
idea of the impact of this technology on engineering design and 
development as well as on production of products based on these 
devices. 



ROM . Although a ROM memory also has random-access capability, 
for some reason the use of the word RAM is commonly applied only 
to read/write random-access memory. A read-only-memory is manufac- 
tured so that desired data will be read-out, and no other data 
can be written into the device. The data pattern is fixed at 
manufacturing time. The lowest cost approach to ROM requirements 
is met by using m^sk-programmed ROM's which means that a special 
processing mask of ONE's and ZERO'S is used during device manu- 
facture. Some of the advantages offered are 



Larger memory size per chip 
size of the word) per chip 
Lowest cost in quantities 
Low power 
Fast access. 



(number of words and 



However, one must keep in mind disadvantages such as the relatively 
high cost of making the mask, and the need for absolutely correct 
data, because the mask is permanent and cannot be modified short 
of creating a whole new mask at the factory. Another factor to 
be kept in mind is the long lead time on initial delivery of the 
chips. 



are 



Some of the more common appl ications for mask programmed ROM's 



Microprocessor program storage 

Lookup tables 

Code conversion 

Character generation and, in general 

All types of sequential ROM-driven controllers. 



PROM . The invention of field-programmable semiconductor PROM' s 
was a significant advance in semiconductor memories. These PROM's 
allow the user to create his own ROM by applying a series of electri- 
cal programming pul ses to the device in a special piece of equipment 
called the PROM programmer. Generally, the programming process 
destroys a fusible link in a semiconductor cell to create the desi red 
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logic state of a ZERO. If the fusible link is not destroyed the 
cell retains the logic ONE state. 

Some of the clear advantages of the PROM over the ROM are 

** Rapid turn-around during the development phase 

** Low cost for a few copies 

° When the project gets to the production stage there is 

usually a ROM counterpart which, in volume, can be 

purchased at a substantially lower cost. 

Disadvantages to keep in mind are 

° Difficult if not impossible to correct mistakes 
** Programming equipment can be expensive. 

Fortunately, many suppliers of PROM's have programming equipment 
that they make available to their customers. 

EPROM. Invention of erasable PROM's was another breakthrough 
in memory technology. An EPROM can be programmed by a controlled 
series of electric impulses. If an error in the program i s discovered, 
or if the program is discarded or transferred to mask ROM, the 
EPROM can be erased and reprogrammed. Even though EPROM^s are rel- 
atively hi gh in cost and often require expensive prograniiiiing equip- 
ment, they still maintain significant advantages: 

° Fast turn-around time 

° Permanent storage 

** Stored data can be changed as desired by erasing and 

reprogrammi ng 
° Good density 

Low power 
o P a e t Access time 
° Usually a pin-compatible ROM is available. 

An ultraviolet light source is used to erase or clear the EPROM 
prior to reprogramming. 

RAM . The emphasis here is on active semiconductor devices 
which~7e"quire power to maintain the information being stored. In 
general, RAM is used to store intermediate or temporary results 
of the program as well as to store blocks of input and output data. 
In the latter function the RAM serves as an input and output buffer. 
There are two principal types of semiconductor RAM's: dynamic and 
static. Dynamic RAM's are generally of higher densi ties than static 
RAM's. The principle of operation of a dynamic RAM cell is that 
a parasitic capacity charge is stored, and in order to hold the 
charge, it must be regenerated periodically, i.e., refreshed. Gen- 
erally, this refresh must be accomplished at least every two milli- 
seconds. A failure to refresh will cause a loss of data even though 
power is sti 11 appl ied. Usual ly , dynamic RAM memory systems require 
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external hardware to periodically refre<;h th^ roHo t 



each bi n "e^ry cen- t L f o^' t'-^" = ^^tor latch to store 

sequently, a minimum of J5pr^t?K' T '"^f''."*' <s required. Con- 

Although static rIS's are less dM..%'h!""H ^ ^ ''«<l"i>^''' '^ ^"y- 

retain the data stored in them as ?nnn^c ''^"'""' ''*"^' ^^^^^ «'" 

in tnem as long as proper power is supplied. 

Input/Output 

ofmic?oVrU?s'or^1^^^^':n^'^^'L^'"^r'^ '^ ^^^ ^/^ capability 
this section are ^ ' improvements discussed in 

^ Addressable single-bit I/O 

o n?^*^!^'** prioritized, maskable interrupts 
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bit I/O architectural enhance- 
ment shed in Chapter 6. 

The major advantage of sin- 
gle-bit I/O is the ease of han- 
dling discrete input and output. 
A large percentage of control 
applications involve sensing the 
position of switches, push- 
buttons, and other single-bit 
information. After sensing, the 
processor makes a decision to 
control certain discrete output 
peripherals such as solenoids, 
relays, display LED' s, etc. 



Interrupts . The use of com- 
puters for real-time applica- 
tions involving control and proc- 
essing created a need for a new 
capability that was not required 
in nonreal-time applications. 
The word real -time implies the 
need for immediate service of one 
type or another in situations 
where the events occurring are 
time-dependent. Some typical 
real-time applications are 
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Figure 1-24. Single Bit I/O 
Built-in Capability 



" Fire-detection system 

** Limit switch in a machine controlled by a proc- 
essor 
*» High-speed terminal interfaced to a processor. 

Several examples of nonreal-time processing which require no 
interrupt capability are 

** Processing of payroll checks 

** Scientific calculations 

** Preparation of management information reports. 

The word "immediate" above is used in the time frame of the 
electronics involved, typically microseconds or milliseconds. In 
a relatively simple system there may be only one interrupting de- 
vice such as the fire-detection system mentioned above. In this 
case' the interrupt device could be connected into the CPU as shown 
in Fiqure l-26{a). This is an example of a CPU with a single 
interrupt line which is nonvectored. Whenever the interrupt device 
needs service, it activates the interrupt, "^e^u^st line. Such 
servicing entails setting aside the current program and the CPU 
machine state before addressing the interrupt device to determine the 
nature of the interrupt (requiring input or output, etc.). in tne 
case of the fire detector, the type of service would be qui te explici t; 
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Figure 1-25. Single Bit I/O: Using External Hardware Devices 



namely, to activate a sprinkler system and/or set off an alarm. 
Now suppose there are multiple interrupt devices such as multiple 
limit switches on a machine. The interrupt request line coming out 
of each of the interrupt devices is OR'ed with appropriate logic 
and tied into the single interrupt-request line going into the CPU. 
Thus, when any of the interrupt devices becomes active, a single 
request goes to the interrupt line. The CPU must resolve which 
of the devices requested service. It can handle this by means of 
polling. The requirement for the CPU to poll various devices to 
determine which one is active, however, can be eliminated by using 
a technique called vectored interrupt . 



Here, 
mul ti 
i s a 
being 
ing c 
ident 
sever 
autom 
inter 
shown 
numbe 
t i n s 



One type of vectored interrupt is indicated in Figure l-26(b). 

multiple-interrupt devices are shown connected directly to 
level-interrupt request lines on the CPU. Built into the CPU 
priority encoder (PE). In the case of a single interrupt 

active, the priority encoder merely suppl ies the correspond- 
ode (vector) to the CPU so that the CPU is able to immediately 
ify and service that device without polling. In the case of 
al devices being active simultaneously, the priority encoder 
atically provides the CPU with the code of the highest priority 
rupt device. In the illustration, four interrupt devices are 

connected to the the mul tilevel -interrupt request line. The 
r of levels has to be restricted because, again, of pinlimita- 

on the device itself. 
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Figure 1-26. Three Types of Interrupt Capability 
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To get around the problem of pin 1 imitations designers developed 
still another technique for handling multiple-interrupt devices as 
shown in Fi gure l-26(c) . This diagram depicts 16 interrupt devices 
connected into a block labled PE (priority encoder), which performs 
the same function as in the prior configuration. The priority 
encoder chip (or chips) automatically provides a binary encoded 
vector, four bits in this case, of the highest active priority 
interrupt device. 

As one can see there has been a progression in interrupt capa- 
bility moving from a single-interrupt request line to multilevel 
interrupt request lines, and then finally to provision for an 
interrupt code vector with all of the priority encoding logic 
being done externally. It should be noted in Figure l-26(c) that 
even though there is only one interrupt request line the interrupt 
code vector consists of, typically, three or four lines to provide 
for eight to 16 priority-interrupt levels. 

Whenever a CPU has interrupt capabil ity i t i s al so essential that 
it has some means of masking out such interrupt requests due to hi gh- 
priority processing that it may be performing at the time. In the 
simplest case, an interrupt-enabl e latch is used. This latch, 
when set to one, allows interrupt requests to be fed into the CPU 
and serviced as has been discussed. However, when the interrupt- 
enable latch is cleared, the CPU will not recognize any interrupt 
requests active on the interrupt request line. 

In the case of mul tipl e-1 evel interrupt request 1 ines and systems 
using an interrupt code or vector, the CPU can have built into it 
a method of individually masking out a given interrupt level or 
masking out all interrupt requests having a lower priority than a 
predetermi ned 1 evel . Thi s feature permi ts the programmer to determi ne 
at any given time in his program which particul ar 1 evel s of interrupt 
he will allow to be enabled and which would not be enabled. Such 
masking of interrupt levels is essential for orderly processing 
of complex real-time interrupt requests. 

Direct Memory Access . Up to this point all the input/output 
discussed can be categorized as program controlled . It should be 
evident also that polling techniques for control of input/output 
are initiated under program control except in the case of those 
initiated by interrupt request. Direct memory access (DMA) is 
different from other forms of I/O in that it i s completely independent 
from program control because it is initiated by the DMA device 
controller, and all transfers are made under its control. 

In brief, the DMA device is allowed to get direct access to 
the memory so that the data being transferred to or from memory 
does not pass intermediately through the CPU as in the case of 
ordinary CPU-controlled I/O. A typical sequence of operations given 
with reference to Figure 1-27 follows. 
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** The DMA device (di sk in this case) makes a request via 
the HOLD line for use of the three CPU buses. 

* The CPU ceases execution when it has completed the 
current instruction and then issues a HOLD ACKNOWLEDGE 
signal to the DMA controller, while simultaneously 
releasing control of the address, data, and control 
buses. 

° The machine state of the CPU is frozen during the 
sequence of operations to follow. 

•* The DMA controller sends the proper control signals 
(read/write, memory enable, etc.) directly to the 
memory and commences to place an address on the 
address bus and data on the data bus (to transfer 
it to memory), or prepares to receive data from the 
data bus as required. 

* Such transfers can consist of only a single word or 
multiple words (block) as required in the system. 

*» When the transfer is completed, the DMA controller 
deactivates the HOLD line which causes the CPU to 
deactivate its HOLD ACKNOWLEDGE, thereby returning 
control to the CPU. 

° Program execution continues with the instruction imme- 
diately fol 1 owing the last instruction executed by the 
CPU. 

Special I/O Chips . To complement the rapid advancement made i n 
microprocessor chips, manufacturers have developed special I/O chips 
which aid immeasurably in handling various input/output functions 
normally associated with processors of various types. 

One of the most common chips is that called aUART, an acronym 
for Universal-Asynchronous-Receiver-Transmitter. This type of chip 

-r-. j_ 1- . j"r_ J J.- ^ £t 1.-.-.J c ^^^ -i-Ua roil +W/a +aeU nf timinn 

permits trie aesiyner uu uii-iuau irum mc \^iu »,iit v«-»ix «. «.... ...^ 

and formatting asynchronous serial data that would ordinarily be 
transferred to or received from a terminal. Asynchronous means 
that each character code format contains its own start and stop 
bits utilized by the recei ving device to achieve character decoding 
synchronization on a charater-by-character basi s. Such an activity 
can consume a fair amount of initial software development time and 
also CPU execution time, the latter of which could be used to per- 
form other tasks. Typical of the terminals that can be interfaced 
to a microprocessor using the UART chip are the Teletype Model 33 
and theTI Silent 700 series. In addition, there are numerous other 
terminals that utilize the same 8-bit data character format, referred 
to as ASCII code (see Chapter 2). 

Similar to the UART is the USART, the latter an acronym for 
Universal -Synchronous -Asynchronous -Receiver-Transmitter. This chip 
can do everything that the UART can do plus handle synchronous 
digital communication devices by means of additional timing logic 
built into the chip and controlled by software under programmer 
control. Synchronous means that the bits constituting each character 
are transmitted at a fixed clock rate without the need for start 
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Figure 1-27. DMA Capability 



and stop bits attached to each character code. The need for i ndi vidua! 
character synchronization is obviated by the use of a block- or 
frame-synchronization code at the beginning of the block of data. 

Two additional LSI chips for I/O use are the PIG and DMA 
controller chips. The former i s for £rogrammabl e-^nput- Output. Such 
chips make it rather easy for the desi gner to desi gn a bi-di rectional 
I/O port interface on his microprocessor. In addition, the PIO chip 
generally permits several pins to be programmed as interrupt 
inputs--generally multiple-level interrupts. 



The DMA controller chip is designed to handle the special 
controller function discussed earlier {see Figure 1-27). 

In general, all of these chips make the job of the designer 
much easier and reduce considerably the software housekeeping and 
overhead tasks that the CPU would have to perform i f these special ized 
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Figure 1-28. Example of Three-State Logic Devices 

chips were not available. A more detailed discussion of several 
of these chips is given in Chapter 7 and in Appendix D. 



Three-State Logic Devices . One of the continuing problems 
since the beginning of computers has been the need to attach mul ti pi e 
peripheral I/O devices onto a common data bus. The first break- 
through was that of utilizing coll ector 1 ogic . By using open 
collector devices, the designer could, under certain limitations, 
connect multiple devices onto a common bus as long as only one 
device was actively putting data on the bus at a time. Some limitations 
of this approach led to the devel opment of what i s cal 1 ed three-state 
logic. 

In a three-state logic device, there are the regular states 
for ONE and ZERO plus an additional third state called the high- 
impedance state. An example of three-state logic gates tying a 
peripheral output-device register onto a data bus is given in Figure 
1-28. Only when the enable line is active does the data in the 
peripheral output-device register appear on the data bus. When the 
enable is inactive, the output of the typical three-state gate 
is in a very high-impedance state--for all practical purposes dis- 
connected from the data bus. There is more on this technique in 
Chapter 7. 



1.5 TMS 9980A MICROPROCESSOR 

All of the material in prior sections has been designed to 
introduce to the reader the concept of a stored-program digital 
computer, basic computer archi tecture and components, and the recent 
architectural enhancements i n computers general ly and microprocessors 
and microcomputers in particular. It is now appropriate to focus 
attention on the TMS 9980A microprocessor since it is the prin- 
cipal teaching vehicle used in this textbook. 

Throughout this manual, "TMS 9980A" refers to the MP 9529 
microprocessor, a version of the TMS 9980A specially selected for 
the TM 990/189. 



General Description 

In a 40-pin DIP package, the TMS 9980A single-chip micropro- 
cessor is instruction-set compatible with the 990 and 9900 family 
of minicomputers and microprocessors manufactured by Texas Instru- 
ments. The TMS 9980A has a 16-bit central-processing unit (CPU) 
but has a convenient 8-bit data bus, plus an on-chip clock. In 
general, the TMS 9980A features have been designed to minimize 
the system cost for smaller system applications as opposed to the 
TMS 9900 microprocessor which is in a 64-pin package and has a 
16-bit data bus. The instruction set of the TMS 9980A is the 
same as that of the TMS 9900 and offers the full capability of 
a minicomputer i n i nstruction power. One of the outstanding features 
of the 9900 f ami ly i s the memory-to-memory archi tecture which permits 
multiple register files to be resident in memory, resulting in 
faster response to interrupts and, in general, improved programmi ng 
flexibility. In addition to the chip itself, there is a compatible 
set of MOS and TTL memory and logic-function circuits that can 
be used with the TMS 9980A in various applications. 

Additional features and characteristics of the TMS 9980A are 

° Up to 16,384 bytes of addressable memory 
° Six prioritized interrupts 

** DMA I/O capability in addition to memory-mapped I/O 
° Single-bit I/O by means of an internal Communications 
Register Unit (CRU). 

It is stressed that the 16-bit word size of the TMS 9980A is 
one of the reasons for its powerful instruction set. At the same 
time, however, its data bus is only 8-bits wide, which means that 
to fetch a single-word instruction requires two memory read cycles. 
Here the trade-off of a longer time to read an instruction word 
versus the more cost-effective but smaller 8-bit data bus turned 
out to be attractive in view of reduced overall system cost using 
available memory and other associated MOS chips. 
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Figure 1-29. TMS 9980A Microprocessor Architecture 
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Architecture 

Keeping in mind general architectural characteristics and some 
of the more recent enhancements, it is suitable now to examine 
the specific architecture of the TMS 9980A. The discussions in 
the next few paragraphs will be centered around Fiqure 1-29 a 
block diagram of the TMS 9980A. 



In the upper right-hand corner of the diagram is found the 
memory address register (circle 1). It is shown that the output 
of the memory address register is restricted to 
limiting the address capability to 16,384 bytes. 



14 bits, thereby 



Shifting slightly down and to the left is the status register 
(circle 2). It contains the most recent status bits resulting 
from the prior ALU operation such as carry, overflow, and logical 
and arithmetic comparison bits (to be discussed later). 

Moving further down and to the left is the ALU in the center 
of the diagram (circle 3). It has two ports going into it, the 
left one being controlled by mul tipl exer A. Above this multiplexer 
IS the program counter (circle 4). Thus it is clear that 
program counter is i ncremented or is modified by means of 
it through the ALU. 



the 
processi ng 



Moving over to the left side of the diagram and toward the 
top IS the instruction register (circle 5). The instruction register 
holds the current instruction which is used to address the micro- 
program-control ROM shown below it. The block below the control 
ROM is that of the control logic and clock generator (circle 6). 



The lines on the control bus that are going 
the control-logic block are each discussed below: 



into and out of 



HOLD -- used by the DMA controller to indicate to 
the CPU that a DMA transfer is requested. 
HOLDA -- the handshake signal used by the CPU to in- 
dicate to the DMA controller that the CPU is acknow- 
ledging the HOLD request. 

WE -- the write enable signal indicating that the CPU 
will be writing to memory or to a memory- mapped-output 
peripheral device. 

READY -- a handshake signal used by memory and 
peripheral devices (memory-mapped) to indicate 
status. 

MEMEN -- memory enable which the CPU must activate 
in order to either read or write to the 
to memory-mapped I/O devices. 
DBIN -- data bus in signal which, when active, indicates 
that the CPU will be reading in data on its data bus. 
03 -- phase three of the clock generator. 
lAQ -- a signal indicating instruction acquisition fetch 
of the first word of the instruction. 
CRUCLK -- a signal for the CRU clock used to strobe 



input 
READY 



memory or 
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data out serially from the CRUOUT line, 
o CKIN - 

The data bus is located at the bottom of the diagram (circle 
7) It is bi-directional and has an 8-bit latch which holds the 
first byte of a word fetched from memory. When the second byte 
arrives, then the two bytes are put together to form the 16-bit 
word used by the CPU. Similarly, data going out onto the data 
bus comes from the source data register (circle 8). Normally, the 
source data register woul d contai n the result of the last ALU opera- 
tion. To the right (circle 9) is the shift register used for CRU 
(serial in serial out) operations. Precise detail s on thi s operation 
are discussed in Chapter 6. Suffice it to say, special instruc- 
tions are used to shift data in a bit at a time on the CRUIN 
line (bottom of the diagram), and similarly to shift it out on 
the CRUOUT line (upper right portion of the diagram). 

The address bus (circle 10) consists of 14 pins, as mentioned 
earlier. Located to the left are the interrupt code lines (circle 
11 IC0-IC2). When an external device desires to interrupt the 
CPU it will place its device interrupt code on these three lines. 
Additional details are furnished in Chapter 8. 

It should be noted that there is no accumulator on the micro- 
nrnrp«:^nr chio itself. Below the program counter, however, there 
is^a workspace pointer which i s 1 oaded with the address of register 
(abbreviated by RO). One of the main characteristics of the 
entire 990/9900 family is that of workspace registers being located 
in memory space. The workspace pointer is used to point to register 
in a block of 16 general -purpose registers. Additional blocks 
of 16 registers can be defined by changi ng the value in the workspace 
pointer. 

Word/Byte Formats 

All of the memory locations in the TMS 9980A memory space are 
addressable as 8-bit bytes. A word is defined as 16 bits (or two 
consecutive bytes) in memory starting with an even address. The 
most-significant half (8 bits) of a 16-bit word is located at the 
even address and the least-significant half of the word resides 
at the subsequent odd address. Since the TMS 9980A has both word 
and byte instructions, any byte at an even or odd address can be 
addressed by the di fferent address modes inherent in the instruction 
set. Figure 1-30 depicts the typical word and byte formats utilized 
in the TMS 9980A. It should be noticed that the most-significant 
bit (MSB) of a word is labled as bit while the least-significant 
bit (LSB) is labled with bit 15. Similarly, the MSB is bit u 
in a byte while the LSB is labled bit 7. 

*CRU = Communications Register Unit 
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Figure 1-30. Word and Byte Formats (MSB=Sign Bit) 



Memory Map 



A memory map addressable by the TMS 9980A is shown in Figure 
fn. ;h. d^ctt'^'^^'"' ''2''^' (addresses 0000 through 0003) are used 
for the RESET interrupt vector. In brief, whenever the CPU is 
reset the CPU program-counter register is loaded with data bytes 
from locations two and three while the workspace pointer is loaded 
with the word in byte locations zero and one. As shown on the 
diagram the interrupt vectors for levels one through four occupy 
memory addresses four through 13 (hexadecimal). Finally, the load- 
signal vector is located at the bottom of the diagram at the highest 
four bytes of memory. cH.y.icbu 



On the TM 990/189 University Board 
ware (software programmed into PROM's) U 
000016 to 07FF16. This special firmware 
is used by the operator to enter machine 
modify memory and to perform other 
preparation for running or debuqqinq 
assembler is used to assemble 
discussed in Chapter 4. 

Workspace Registers 



special on-board firm- 
contained at locations 
contains the monitor which 
code to inspect and 
operations on the CPU in 
a program. The symbolic 
programs a line at a time as 



PDM ^- ^^"V^^nn ^^/liei^, the workspace pointer on the TMS 9980A 
CPU points to RO of a block of 16 workspace registers. This is 
sometimes called a workspace-regi ster f i 1 e. Each workspace register 
can hold data or an address and can function as an operand reqi ster 
an accumulater, an address register, or an index regi ster (RO cannot 
be used as an index register). The CPU can address any register 
in the workspace merely by adding a register displacement value 
from an instruction to the contents of the workspace pointer. The 
resulting value is then used to address the memory with a read 
or write request. In addition, a program can use as many of these 
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Figure 1-31. Memory Map 
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16-register blocks as required. In fact, the number of registers 
available to a program is limited only by the amount of memory. 

The workspace-register file concept is particularly useful 
during operations that require a context switch, which is a change 
from one program environment to another. An interrupt or branch 
to a subroutine are examples of a context switch. Such an operation 
IS depicted in Figure 1-32 where the program counter is shown to 
be pointing to the main program being executed out of the program 
A portion of the memory while the workspace pointer (WP) is pointing 
to register of workspace A. When, say, an interrupt occurs, then 
the interrupt vector for the respective interrupt level is used 
to change the program counter to the value required for program 
B, (shown with a dotted line) while the workspace-pointer portion 
of the interrupt vector is used to change the workspace pointer 
to point to workspace B (shown also with a dotted line). At the 
same time, the original value of the program counter and workspace 
pointer are stored along with the status-register contents--al 1 for 
program A--in the upper three registers of workspace B (R13, R14, 
and R15). In this manner, the programmer is not required to push 
onto stack or otherwise store the program counter and accumul ators 
or registers in order to service the interrupt or to make a sub- 
routine call. Thus, by exchanging the program counter, workspace 
pointer, and status register, the TMS 9980A is able to accomplish 
a complete context switch with six store cycl es and si x fetch cycl es 
to memory. This is a considerable time saving over the more con- 
ventional approach used in the majority of other microprocessors 
to handle interrupt servicing and calls to subroutines. The context 
switch operation is described more fully in Chapter 8. 

Note: The status register and status bits are discussed 
in detail i n Chapter 2 and later on in subsequent chapters 
dealing with the conditional jump instructions. 

TM 990/189 Microcomputer Board 

To acquaint the reader with the microcomputer board used as 
a teaching vehicle, reference is now made to Fi gures 1-33 and 1-34 
a photograph and a layout of the TM 990/189 (Universi ty Board) . Thi s 
single-board microcomputer system was developed for use as a learning 
aid in the instruction of microcomputer fundamentals, machine- and 
assembly-language programming, and microcomputer applications and 
interfacing. 

In addition to the TMS 9980A microprocessor, al ready described, 
this board contains a number of other component parts. These parts 
are described briefly in the following paragraphs. 

Keyboard Display . Thi s i s the mai n on-board I/O peripheral which 
operates as an ASCII terminal . The keyboard with associated circuitry 
?JrTT°"i^°'' software is capable of generating the 87 most used 
ASCII characters using a 45-key pad. A lO-character display (7-segment 
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Figure 1-34. Layout of Components on the 
TM 990/189 University Board 
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compatible with the TM 990/302 

programs and data stored on 

memory. Both of these operations are 

d circuitry 
g and opera- 



EIA Interface. A standard 



«„<.,.^ .^ ^^^ RS-232 interface can be added 
option If an external EIA terminal 



at the user " s 

place of the on-board microterminal . 



IS desired in 



Bus Connector. A 40-pin connector is provided for attachina 
xternal cards or devices to the microcomputer address data Ind 
ontrol buses. Thi s can be used for memory o'r parallel I/O expansion 



I/O Expansion Connector. 



permit ex pansion of the CRU i /0 c*ap?b?l Vty""""*""" '' '"°'"'"' *° 



Memory , 
the UNIBUG mo 
expansion sp 
supplied app 
expandable by 



Extended discussions 
tion of the TM 990/189 
chapters as follows. 




of these component parts and the opera- 
microcomputer board are covered in later 



Chapter 2 
Chapter 4 
Chapter 5 
Chapter 6 
Chapter 7 
Chapter 8 



On-board terminal and UNIBUG monitor operation 

Symbolic assembler 

Memories 

?Sc lin. P°'\t^and audio cassette interface 

Nw?Rnr°^ '"^ ^^^ ^^°2 peripheral components 
UNIBUG user-accessible utilities. 



1.6 SUMMARY 

in qenera'l'?n''d^Vhp'^J*;Hi'°^""^ ^^' reader to the fiel d of computers 

intent o^^^su^^elL^in^-u^bVe^rnVc^rtlr?.^ ^^-^ ^^ ^ ^ -P- 
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A number of architectural enhancements available in recentyears 
were also covered. The importance of multiple accumulators, the 
index register, the concept of the workspace pointer and workspace 
rpai«;ter file the stack and microprogram control were stressed, 
some olthe features and characteristics of ROM, PROM. EPROM and 
RASmemorr chips were reviewed. With regard to input/ output 
the single^bit I/O concept along with multiple level, ^ve^ctored and 
prioritized interrupts, direct memory access, special i/O chips, 
and three-state logic devices were also discussed. 

Finally the TMS 9980A microprocessor was described along with 
the TM 990/189 mi crocomputer board. . .the latter being the teaching 
vehicle used throughout the book for examples and exercises. 
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CHAPTER 2 



ARITHMETIC, LOGIC, AND THE ALU 



2.1 



INTRODUCTION 

In this chapter the reader is r eacquai nted or, Pf^h^P^^ V^nf 

Interchange) are also presented. 

ThP reader will use the foundation gained in number systems 
The re^ader^wiM^^use ^^^.^ for understanding the concept 
ana oxner u i y . ua . v-^v... a. - "''.Is rup ALU circuitry can be 

°',?ed the ■■bVaVn'^'if the°'"i cCrVces Jo^. ''it "rn%e/for. the 
^^t:^l a^.lt^LtiV /unctions (^adltlon -.traction .ut.p,,. 
cation, and division) as w^el l_«s _B_o^oU^a^n J^ogi^c^ o^p^^ ^^^^^^ ^^^^ 



general flow of binary input data, processing, 
the ALU will be covered in this chapter. 

The last portion of the chapter is devoted to the descri-pt,-on 

di scussed materi al . 



2.2 NUMBER SYSTEMS 

This section describes the 
encountered when dealing with 
foundations of the decimal number 
notation, the reader will 
number systems and codes 
and ASCI I . 



most common number systems or codes 
processors. By understand! ng_ the 

Muu.u.. system and the concept of posi ti onal 
be in a position to understand the other 

including binary, octal , hexadecimal , BCD, 



Decimal Number System 




59 



nnf A? ''Jl"^' J*" ^^^ system. The maximum-value digit nine is 
one less than ten. the base. Similarly, binary (base 2) octll 

follows the right-most digit of the number. 



to the base) 
For example. 



commonly 



365^0 indicates a base 10 (decimal) number. 



H,-n-,-Je^ decimal number system illustrates the importance of a 
digit s position within a number. Although terms 1 ke uniU tens 
hundreds, and thousands are used, posi tional notation is the underl 
i^ios"! ?e"r^s^VnJ\%V'AlAl^°.^. 1jTu_strates th-TTiTit^-on^h^^^rt^L^ 



powers of base ten. 



10 



_ 



102 



(any base with zero exponent is one) 



10 



3 _ 



10^ 



1 = units 

10 = tens 

100 = hundreds 

1,000 = thousands 

10,000 = ten-thousands 

100.000 = hundred-thousands. 



ter 
the 



can be explained 



Positional notation ^,cin oe explained using the cash real*: 

c\lT,l"\''%''. '"PP°^' ^" '^'"^ in a sto're costs ?357^ ' 
t.^ncl!!- nanded a certain combination of bills 
transaction, a previously empty drawer might 



appear 



and 
After the 
as below. 



Drawers $100's 



I 3 



T 



$10's 

1 — r 

I 5 I 



$l's 



I 7 I 



Al though the price 
tion. 357. the cost can 



tag used the more famil iar shorthand 
be written in positional 



nota- 



[3x(hundreds)] + [5x(tens)] 
using the power of ten table. 

[3x(10^)] + [5x(10M] + C7x(100)] or 
once again, by evaluation, 

[300] + [50] + [7] = 357. 

It 



notation 
+ [7x(ones)] or 



min*.c ,.^^". be seen that the di gi t ' s posi tion wi thi n a 
rliiL th ^•"PO'^tance or weight. In this example, 
called the most-signi f icant digit (MSD) and seven (7) 
significant digit (LSD). ^ ' 



number deter- 

three (3) is 

is the least- 



Binary Number Syste 



m 



n^^v^.^V^^ mechanical calculating machines used 
gears to perform an thmetic operations. Digital co 
the microprocessor, use 
a light switch, two basic 



decade (ten state) 

. . . gital computers, including 

mgh-speed logic switching circuits. Like 

states prevail in its logic circuitry 
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on and off. There is a 
or states: the binary system 
digits zero and one. Zero can 
to represent on. 



number system which has only two digits 

This number system contains the 

be used to represent off and one 




stance", an eight-bit microprocessor's 
computer typically has a word size of 



word size 
16 bits. 



As with the decimal 
system have positional importance 
the different base, the 
same as that of decimal 
in the binary system are 



system, the digits (bits) in the binary 
within the number. Except for 



binary posi ti onal -notati on scheme is the 
numbers. The first nine positive entries 



1 isted in Tabl e 2-1. 



Table 2-1. Powers of Two 



,0 = 

;i - 
:2 = 

i3 _ 
4 - 
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^10 

lolO 

6^10 
1 2«.^ 

256^0 



I2 
IO2 

IOO2 

IOOO2 

IOOOO2 

IOOOOO2 

IOOOOOO2 

IOOOOOOO9 

IOOOOOOOO2 



Tn binarv notation, a nibble of alternate ONE's and ZERO'S 
is written a7loTo2TVis same binary number can be expanded into 
positional-notation form as follows. 



From the 'powers of two table, 
[1 X (2^)] + [0 X (2^)] + 

using decimal evaluation, 

[1 X (8)] + [0 X (4)] + [1 
[8] + [0] + [2] + [0] = 10 

Hence, IOIO2 = IOiq- 



[1 

X 

10 



X (2I)] + 
(2)] + [0 



[0 X (2°)], or 
X (1)], or 



uhpn 1-hp binary number ( 1 OlOo ) i s evaluated in posi ti onaVnota- 
tinn i?"has avalue equal to decimal ten. The same approacn can 
tion. It has /.-VhVe'quivalent decimal value .^.^ /"/ ,Vt^Y (MSB) 

most-si gnif leant bit s {n^v>) 
least-significant bit s 



be taken 



value equal to 

to : ■ ■ . 
number. In the previous example, the 
weight is two cubed (2"^) or eight. 
(LSB) weight is (2") or one. 



The 
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below!^^ Procedure, or "algorithm", for th 



e conversion is given 



B 


D 




2 


10 


R 


2 


5 





2 


2 


1 


2 


1 





2 





1 



Hence, 10 



10 



^1, 

1010 



LSD 
MSD 



Octal Number Systei 



B = Base 

D = Dividend 

R = Remainder 




Table 2-2. Powers of Eight 
.0 _ 



8 



1 

8 

64 

512 



10 
10 
10 
10 



ill 
lOOo 
1000, 



8 can be written 
be expanded into 



8^ = 4096jo = lOOOOg 

u^^.?" example, an octal number such a^ ioa 
posi T;iona I -notation form: 

From the powers of eight table 

[7 X (8^)] + [0 X (8^)] + [4 X (8^)1 nr 
using decimal evaluation, ^ ^^ °'^ 

[7 X (64)] + [0 X (8)] + [4 X fDl = 

[448] + [0] + [4] = 452 
Hence, 7043 = 452io. ^°' 

with t^"^^^g^^^L'Ve^^];^^]^ ^^sobe accomplished 
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452 



i^n 



Hence, 452 



10 



111 

704 



LSD 



\n S n 

1 O L/ 



Base 

Dividend 
Remai nder 



an 



Conversions from octal to binary numbers are quite si mpl e because 
tonversiu ^^ represented by three bits. For example. 



octal digit can 



704. 



= (111); 
=111000 



(000)2 (100)2 



00- 



Conversely, a binary number such as 110101111 can be regrouped 
into an octal number equivalent: 

IIOIOIIII2 = (110)2 (101)2 (^1^)2 = 6578. 

Hence, 6573 = IIOIOIIII2. 



should also be apparent from this example why the octa 
is sometimes used for binary representation. Three octal 
easier to remember and to work with than a mne-digit 
Th^ ^n+:,^ ni.mhpr <;vstem is used by some computer 



It 
scheme 
digits 
bi nary 
manufacturers to represe 



are 



ri uiHuc r . 



nt instruction codes and other binary data 



Hexadecimal Number System 



Hexadecimal is perhaps the most common 
microprocessors and computers in general, 
radix is 16. It contains the values zero 
through 9 have the same value as those 
except that their positional weights are 



number system used with 

The system's base or 

through 15. The digits 

in the decimal system 

based on powers of 16. 



ThP values 10 through 15 are represented by the al phabeti c characters 
I through F. TheTel ati onshi p between hexadecimal and decimal numbers 



is shown in Table 2-3. 

NOTE: The ">" sign indicates hexadecimal 



e.g 



>F = 15 



10 



Table 2-3. Hexadecimal and Decimal Equivalent 



'16 
,16 



;i6 

^16 
7l6 



= 2 
= 3 



OlO 
llO 



10 
10 



ho 

^10 
^10 
7lO 



'16 
'16 
46 
16 



C16 
0i6 
EI6 
FI6 



»10 

9l0 

lOlO 

{ho 

12l0 

13l0 

1^10 
15l0 



63 



in Tab^e 2-4!^ ^°"'' entries in the powers of 16 table are shown 



Table 2-4. Powers of Sixteen 



16 



_ 



16^ = 
16^ = 



16 

256 

4096 



10 
10 
10 
10 



10 

100 

1000 



16 
16 
16 
16 



.c iRr" s'^°'^th^"d notation, an example hexadecimal number is written 
as iBO^^. However the same hexadecimal number can be expanded 
in positional notation as follows. t^xpanaea 

From the 'powers of 16' table. 

[1 X (16^] + [B16 X (16M] + [C16 X (160)] Q^ 

using decimal evaluation, 

[1 X (256)] + [11 X (16)] + [12 X (1)] = 
[256] + [176] + [12] = 444io. 

Hence, IBC^g = 444;lo- 

Applying the same algorithm to convert a decimal number to 
a hexadecimal value produces the following. 



B 


D 




16 


444 


R 


16 


27 


12 = C]^ 


lb 


1 


ii=Biii 


16 





1 ^^ 



^ 



Hence, 444^q = ibc 



LSD 
MSD 



B = Base 

D = Dividend 

R = Remainder 
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Conversions from hexadecimal to binary numbers are simple because 

combinational values can be represented by a nibbTe or ?our 

bits. This relationship enables each hexadecimal digit 



16 



be ex- 

ates 

dry 



hn!^^^^ IV r?"'L''^'^. binary grouping. The exampl e bel ow demonst ra 
e uivalenl^ value F17 can be converted to its bin 

F17i6 = (1111)2 (0001)2 {0111)2. 

Note that leading zeroes are used to fill the four-bit reaui re- 
ment when hexadecimal digits are less than eight. ^ii require 



Conversely, a binary number such as 1001011 can be reqrouoed 
eginning with the least-significant bit and preceding toward^h; 
ost-significant bit, into the equi val ent hex number 4B : 



IOOIOII2 = (0100)2 (lOll)o, 
= ^^16- 
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ve 



Thus the hexadecimal system affords the user yet another con- 
nient alternative to strings of binary digits. 



Fractional Numbers 



only 
just 
al so 



in order to simplify the presentation on base conversions, 
integer numbers inthe various systems are exp i ained. However, 
as fractions exist in the decimal system (e.g. 
other number systems as well. 



3.125) , they 



exist in the 

For instance, the positional notation for 3. IZB^o can be written: 

[3 X (10^ 



'0)] + [1 X (19 



-1)] 



.-2 



X (10 
[3?000]^r[.100]'' + 'C.020] + [.005] = 3.125. 



+ [(? X 10'^)]^+ [5 
+ [2/102] + [5/10^]_= 



-3 



)] = 



Co 
require 
using t 
portion 
f ractio 
they ar 

Th( 
bel ow. 



nverting this fractional decimal number to another base 
stwo steps. First, the integer portion, 3, can be converted 
stwo steps, ri, ^. 3^^, Secondly, the fractional 



he algorithm already >- — . -- n.,-„i„-jnn +ho 

, .125, can be converted by successi vely multi plying the 

n by the given base, 
e recorded. 



As integers result in the products. 



fraction's conversion from decimal to binary i s demonstrateu 



B 


DF 


P 


I 


2 


.125 


0.250" 


- 


2 


.250 


0.500 


- 


2 


.500 


1.000 


1 - 



Hence, ZAZS-^q 



Iff 

II.OOI2 



MSD 



L5U 



B = Base 
DF = Decimal Fraction 
p = Product 
I = Integer 



The multiplication process of base times a fractional number 
continues unti'l the product contains all zeroes t the right of 
the decimal (indicating an exact binary equivalent) or until tne 
desired precision is obtained. 

or mixed 



Converting a different base fractional 

used earl ler. As 
be converted into 



decimal value is similar to the process 
the binary fraction IOII.OIOI2 will 
equivalent. 



number to a 
an example, 
its decimal 



Taking the 



bits to the left of the binary point and convert- 



ing: 



[1 X 
+ [1 



(2 



(2 



2O)] = 



[0 
[8] 



(22)] 
[0] + 



+ |lX(2l)| 
[2] + [1] = 11 



10 
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Taking the bits to the right of the binary point and converting: 

.[0 X (2-1)] + [1 X (2-2)] + [0 X (2-3)] + [i x (2-4)] = 
.[Ox (1/2)] + [1 X (1/4)] + [0 X (1/8 ] + 1 X 1/16 ] 
.[0] + .[25] + [0] + ,[0625] = .3125;^o. 

Hence, IOII.OIOI2 " 11.3125^q 

Table 2-5 below shows a comparison between several fractional 
values in the hexadecimal, binary, and decimal number systems. 

Table 2-5. Fraction Comparison Table 

Hexadecimal Bi nary Decimal 

0-01 0.00000001 0.00390625 

0-02 0.0000001 0.0078125 

0-03 0.00000011 0.01171875 

0.04 0.000001 0.015625 

0.05 0.00000101 0.01953125 

0.06 0.0000011 0.0234375 

0.07 0.00000111 0.02734375 

0.08 0.00001 0.03125 

0.09 0.00001001 0.03515625 

O.OA 0.0000101 0.0390625 

O.OB 0.00001011 0.04296875 

O.OC 0.000011 0.046875 

O.OD 0.00001101 0.05078125 

O.OE 0.0000111 0.0546875 

O.OF 0.00001111 0.05859375 

0.1 0.0001 0.0625 

Note that just as with decimal numbers, a period separates 
the whole (or integer portion) from the fractional part. These 
periods are called hexadecimal point, binary point, and decimal 
point, depending upon the number system in which they appear. 

Binary Coded Decimal 

Since many digital applications use decimal digits, the need 
to convert binary codes to decimal conveniently gave rise to the 
"binary-coded decimal" ( BCD) system. The 8-4-2-1 weights for binary 
digits lend themselves to easy transition into the decimal digits 
zero through nine. 

The decimal value 789 maybe converted to BCD in the following 
manner. 

ho = [0 X (8)] + [1 X (4)] + [1 X (2)] + [1 X (1)] = Olllp 
^10 = [1 X (8)] + [0 X (4)] + [0 X (2)] + [0 X (1)] = lOOOo 
^10 = t^l X (8)] + [0 X (4)] + [0 X (2)] + [1 X (1)] = IOOI2. 

Hence, 789bcd = (0111)2 (1000)2 (1001)2. 
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Figure 2-1. Two Digit Decimal Readout 

ThP binarv-coded val ue 10001100011 can be converted to decimal 
by grouping elch four bits from the least-significant to the most- 
significant bit as follows. 



(0100)2 (0110)2 (0011)2 = 463bcd. 



As a practical 
quires two decimal 
m 



illustration, 
digits 



suppose an 



mounrtwo numeric displays as illustrated i n Fi gure 2-1. An 
tive approach might be to mount two vertical rows of lamp 
•n Figure 2-2. Note that in both instances the decimal 



instrument panel re- 
approach would be to 
An alterna- 
s as shown 
val ue 39 



is displayed. 



maximum decimal value 



fl hx/tp nf data in binary code equals a 
of 255 ^A byte Of BCD data is less efficient si nee it can represent 
°r".h.._ ./..l°i w/iuo of nnlv 99. Table 2-6 below shows further 
a max Mil u III uc\- 1 mu 1 » « ■ «v, ^ . — ., - 

relationships. 



Table 2-6. 

Decima l 



1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 



Relationship of Decimal, BCD, and Binary Values 



BCD 



0000 
0000 
0000 
0000 
0000 
0000 
0000 
0000 
0000 
0000 
0001 
0001 
0001 
0001 
0001 
0001 



'0000 
0001 
0010 
0011 
0100 
0101 
Olio 
0111 
1000 
1001 
0000 
0001 
0010 
0011 
0100 
0101 



Binary 
0000 
0001 
0010 
0011 
0100 
0101 
Olio 
0111 
1000 
1001 
1010 
1011 
1100 
1101 
1110 

nil 
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o 


EIGHT 


O 


EIGHT 


o 


FOUR 


O 


FOUR 


o 


TWO 


o 


TWO 


o 


ONE 


o 


ONE 



Figure 2-2. Two Digit BCD Readout 



110. OI2 = 6.25iQ = (0110.0010 0101)bcd. 
ASCII Code 

character abbreviations are 1 isted and expl a1ned fol 1 owi ng the tab'e. 
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•ASCII CONTROL CODES 






•ASCII CHARACTER CODE 



BINARY 
CODE 



HEXADECIMAL 
CODE 



Spac* 
I 
Idbi quote) 



(sgl quota) 
( 
) 
• Isswrisk) 

, (comma) 

(pariod) 



010 0000 
010 0001 
010 0010 
010 0011 
010 0100 
010 0101 
010 0110 
010 0111 
010 1000 

010 1001 

010 1010 
010 1011 
010 1100 
010 1101 
010 1110 

010 nil 



oil 0000 

oil 0001 
oil 0010 
oil 0011 

on 0100 

011 0101 

oil Olio 

oil 0111 
oil 1000 
oil 1001 

on 1010 
on 1011 

oil 1100 

on 1101 
on 1110 

oil 1111 



100 0000 
100 0001 

100 0010 

100 0011 

100 0100 
100 0101 

100 0110 
10O 0111 

100 1000 

100 1001 
100 1010 
100 1011 
100 1100 
100 1101 
100 1110 
100 1111 



BINARY 
CODE 



HEXADECIMAL 
CODE 



101 0000 

101 0001 
101 0010 
101 0011 
101 0100 
101 0101 
101 0110 
101 0111 
101 1000 
101 1001 
101 1010 
101 1011 
101 1100 
101 1101 
101 1110 
101 1111 



110 0000 

110 0001 
110 0010 
110 0011 
110 0100 
110 0101 
110 0110 

no 0111 
110 loai 

110 1001 
110 1010 

no 1011 

110 1100 
110 11011 

no 1110 
110 nil 



111 0000 
111 0001 
111 0010 



CONTROL 



NUL 

son 

STX 

ETX 

EOT 

ENQ 

ACK 

BEL 

BS 

HT 

LF 

VT 

FF 

CR 

so 

SI 

OLE 

DCl 

DC2 

DC3 

DC4 

NAK 

SYN 

ETB 

CAN 

EM 

SUB 

ESC 

FS 

GS 

RS 

US 

DEL 



Null 

Start of heading 

Start of text 

End of text 

End of transmission 

■ Enquiry 

■ Aclcnowiedge 
Bell 

- Backspace 

- Horizontal tabulation 

- Line feed 

- Vertical tab 

- Form feed 

- Carriage return 

- Shift out 

- Shift in 



'American Srandards 



Publication X3«' 1968 



, 


111 0011 


73 


, 


111 0103 


74 


u 


111 0101 


76 


y 


111 0110 


76 


w 


111 0111 


77 


, 


111 1000 


78 


V 


111 1001 


79 


t 


111 1010 


7A 


{ 


111 1011 


7B 


\ 


111 1100 


7C 


} 


111 1101 
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111 1110 


7E 



BINARY 
CODE 



000 0000 
000 0001 
000 0010 
000 0011 
000 0100 
000 0101 
000 0110 
000 0111 
000 1000 
000 1001 
000 1010 
000 1011 
000 1100 
000 1101 
000 1110 
000 1111 



' Data link escape 

- Device control 1 

- Device control 2 

- Device control 3 

- Device control 4 (stop) 

- Negative acknowledge 

- Synchronous idle 

- End of transmission block 

- Cancel 

- End of medium 

- Substitute 

- Escape 

- File separator 

- Group separator 

- Record separator 

- Unit separator 

- Delete, rubout 



001 0000 
001 0001 
001 0010 
001 0011 
001 0100 
001 0101 
001 0110 
001 0111 
001 1000 
001 1001 
001 1010 
001 1011 
001 1100 
001 1101 
001 1110 
001 1111 



111 1111 



HEXADECIMAL 
CODE 



00 
01 
02 
03 
04 
05 
06 
07 
08 
09 
OA 
OB 
OC 
OD 
OE 
OF 



10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
1A 
18 
1C 
ID 
IE 
IF 



cr 



rr 



•Amafican SlandarUn mililula PuWicalion X3 4 19«B 



o 


_i. 


-$ 


c+ 


3 




Q> 


> 


rt- 


3 


—I, 


n> 


O 


-s 


3 


— •• 




o 


►— 1 


0) 


3 


3 


r+ 




<X> 


t/5 


~i 


n- 


o 


o> 


zr 


3 


0' 


O. 


=j 


fu 


U3 


~i 


n> 


a. 




o 




o 




Ol 




ns 



ASCII code, the most-significant or eighth 



In the seven-bit 
bit is often used as a parity or check bit to determine the validity 
of a character s transmi ssion. The value of this bit is set according 
^^/"n»P/u°^^ parity is desired. Even parity means that 
of ONE bits, including the parity bit, is even. Odd 
parity means that the number of ONE bits, including the parity 
bit, is odd. The following example uses the character "U" to illu- 



to whether 
the number 

means 
1 s 



strate parity. 



Odd parity: 

IIOIOIOI2 = D5i6 Number of ONE bits = 5, an odd number 

Even parity: 

OIOIOIOI2 = 55i6 Number of ONE bits = 4, an even number. 



2.3 ARITHMETIC LOGIC UNIT 

As mentioned in the previous chapter, the arithmetic logic 
unit (ALU) IS a complex network of digital circuitry designed to 
execute arithmetic and logic operations as specified in the micro- 
processor s instruction set. A complete study of the ALU is not 
within the scope of this chapter; however, a cross section of some 
Of the more typical instruction operations will be presented. 

Description 

The ALU's relationship to other computer system components is 
shown in Figure 2-3. Briefly, the control unit fetches instructions 
sequentially from memory, decodes, and executes them. Depending 
upon the instruction, data may be input from registers, memory 
or an external device and transferred to the ALU for arithmetic 
or logical processing. Subsequently, the control unit outputs the 
resulting new data to memory or an external device. 



Adders 

k« ^J^ 11^ simplest form, the arithmetic portion of the ALU can 
be thought of as a bank of binary adder circuits. The binary 
digital adders are usually called half-adders or f ul 1-adders. A half- 
adder performs addition upon two binary digits without taking into 
account a possible carry from a preceeding stage. Referring to 

s 
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Figure 2-3. Simplified Microprocessor System 
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Figure 2-4. Half Adder 




Figure 2-5. Full Adder 




Figure 2-6. Parallel Adder Bank 
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The full-adder unit is 
needed to perform the arithmetic 
functions inside the ALU. Refer- 
ring to Figure 2-5, it can be 
seen that the full-adder is much 
like the half-adder since both 
produce two outputs, sum and 
carry. Notice, however, that in 
addi tion to the A and B inputs, 
the full-adder has another input 
called the carry-i n (C^- ^) . Thi s 
input enables the adder to take 
into account the carry output by 
a preceeding stage. Table 2-9 
shows the operation of the ful 1 - 
adder for all possible input 
combi nations. 



Table 2-8. 



Truth Table 
Half Adder 



for 



The adder 
sented thus far 



examples pre- 
have shown ad- 
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ditions only upon a single bit 
of binary data. In most micro- 
processors , the adders are par- 
allel and number at least as 
many bits as are present in the 
system' s word size. This col 1 ec- 
tive aspect of the ALU is il- 
lustrated in Figure 2-6. The 

Texas Instruments ' TMS 9980Ais a paral 1 el mul ti-bi t microprocessor, 
capable of both 16- and 8-bit operations. A simplified version of 
the TMS 9980A'sALU is illustrated in Figure 2-7. The ALU's inputs 
(A and B) along with the output 
of data. The carry-out (C^,,4.) is 



-^ J J Tu^ ^..w.w.w ■;» — r r \ 

b auucr. MIC uarrjr-iii v^i^/ 



>^^, 



significant bit's adder may 



be 



.RESULT) each represent a word 
output from the most-significant 

i.iU-!/~U A e- A r\ n II 4- a-l- -t-ho laaC't' — 

niiiwii lo iiipub uv wiiv. iv-vk^w 

derived from the previous ALU 
operation's carry output. Selection of the data word size (either 
16 bits or 8 bits) and the particular operation to be performed 
by the ALU upon the data at the two inputs is determined by the 
controller circuit via the control (CTL) input lines. The overflow 
(OV) output line and the compl ement (COMP) input lines are discussed 
in the following section. 



ALU Operation 

For a more thorough understanding of the various ALU func- 
tions several examples are shown. These examples are presented 
in the form of a probl em and a solution i n both binary and hexadecimal. 



Hal f-Adder . The next exampl e i 1 1 ustrates the function performed 
by a parallel bank of half-adders. Note that the carry from each 
bit's addition is ignored, thus creating an 
two binary values. 



EX-OR result from the 
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Table 2-9. Truth Table 
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ALU CONTROL 



Figure 2-7. Simplified Version of the TMS 9980A ALU 
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EXAMPLE: Half-add (EX-OR) 

PROBLEM: 001101 111 1101 III2 EX-ORed with IIOIOIOIOIOOOOOI2. 

SOLUTION: A = (OOlDo (0111)? (1110)? (HH)? = ^yEFig, 
B = (llOl)p (OlDl)? (01D0)2 (00D1)2 = DB4I15. 
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ANSWER: S = (1110)2 (0010)2 (1010)2 (1110)2 = ^^I^H6' 
EXERCISE: 1010101 IIIOOIIOI2 EX-ORed with OOIIOIIIOIOOOIOI2. 

ANSWER: >9C88i6 

^ -.1 .jj-.- TU„£«ll,>.^. 4«„ ovamnlo lltillTP*: thP C flTPV bit frOfll 

each stage of a ddition to the next. A full addition is performed 
using the two binary values. 

EXAMPLE: Full-add (ADDITION). 

PROBLEM: 1111101011001 IIO2 + OOOIIOIOIIOIIOII2 . 

cniiiTinM. a = nmU flOlOU (1100)9 (1110)? = FACEifi. 
B = (6601)2 (1010)2 (1101)2 (1011)2 = lADBig. 
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ANSWER: S = (0001)2 (0101)2 (1010)2 (1001)2 = IbAg^g 
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The example above was solved by singularly adding each bit 
of the two 16-bit words. Since this method of addition is time 
consuming, an alternate and faster method uses hexadecimal arithmetic 
as shown bel ow . 



PROBLEM: 
SOLUTION 



FACE^g + 1ADB]:5. 

*C<---1 1 1 

(FACE),g = (15 10 12 

(lADB)i6 = ( 1 10 y_ 



14 
11 



10 



1 {17 21 
(-16 -16 



26 2 5 ) 



16 



10 



1 "TT 



10 



^ 



= 15A9i6 



Solve the following problem using binary and hexadecimal methods 
of addi ti on, 

EXERCISE: 0101 1 100001 101 IO2 + 00101 101 1000101 I2 . 

ANSWER: 10001001 1 1000001^ or SQClig. 

Compl ement i ng . Referring to the ALU diagram in Figure 2-7, 
note the COMP block through which input word B must pass. The 
controller (CTL) can cause input word B to be preconditioned prior 
to its addition with input word A. This preconditioning forces 
each bit in word B to be inverted. The process of inverting each 
bit, (ZERO toONE,ONE to ZERO) is called complementing. The result 
is called theONE's complement of the original number. The process 
of f ormi ng the ONE ' s compl ement of a number is shown i n the f ol 1 owi ng 
exampl e . 

EXAMPLE: B--->B (I's COMP). 

PROBLEM: ONE ' s complement 101 1010101 1 1 1 1 1 13. 

SOLUTION: B = (1011)2 (0101)2 (0111)2 (im)2 = B57F15. 
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0, 



• ANSWER: B ( 1 ' s COMP ) = (0100) 2 (1010)2 (1000)2 (0000) 2 = 4A80i g. 
EXERCISE: ONE's complement 01 1 1 1 1 1001 IOIOOO2 . 

ANSWER: 10000001 100101 1 12 or 8197j_6- 

*C < 1 means "a carry of one." When restricted to a 16-bit 

answer, the carry (17th bit) is lost. 
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A shorter method for determining ONE's complement is to use 
15 complement. Thi s procedure i s i 1 1 ustrated i n the fol 1 owing example 
using the same values from the previous example. 



EXAMPLE 



i--->B {15's COMP). 



PROBLEM: 15 complement B57Fic. 
SOLUTION: (FFFD^g = ( 15 15 



(B57F 



16 



-11 



-5 
TIT 



15 
-7 



15)io 
-15)]^ 



^10 = 4A80i6 



EXERCISE: 15 complement 8197^^ 
ANSWER: 7E68ig. 



ONE ' s Complement . This action by the ALU is also known as 
the logical function called NOT. To execute an instruction which 
inverts or complements a word, the controller might present zero 
at input A and issue a command which compl ements the word at input B. 
An addition can then be performed as usual causing the complemented 
B value to be placed into the ALU's output word (RESULT). 

Two's Complement . This action by the ALU is performed by 
full-adder units which add one to the least-significant bit of the 
resul ti ng ONE ' s compl ement of a number. The next example illustrates 
the two's complement process. 



EXAMPLE 



B--->B (2's COMP). 



PROBLEM: TWO's complement OIIOOOIIIOIOOOOO2 . 

SOLUTION: B = (0110)2 (0011)2 (1010)2 (0000)2 = 63A0^g. 
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COMP) 



(1001)2 (1100)2 (0110)2 (0000)2 = 9C60i6 



EXERCISE: TWO's complement IOOOOIOIOOOIIOOI2 or 8519i5. 
ANSWER: 0111 1010 1110 OIII2 or 7AE7i5. 
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A shorter method for determining TWO's complement using hexa- 
decimal numbers can be accomplished by using the following rules. 

1) Copy down any 1 east-si gni fi cant zeros of hexadecimal 
number , 

2) Subtract the least-significant nonzero digit from 
16, 

3) Subtract all higher significant hex digits from 15. 

Using these rules, the 16's complement is accomplished in the 
following manner. 

PROBLEM: 16 complement 63AO25. 

SOLUTION: (15 15 16 0)^0 



-6_ 
9 



-3 -10 0)1 

T2 6 OJJo = 9C6O15. 

EXERCISE: Sixteen's complement 206^5. 

ANSWER: 025^^. 



Base Complementing . The term applied to the previously presented 
examples is called "base complementing." This process is important 
because it enables the microprocessor to subtract two values using 
addition. The principle can be seen from the following decimal 
subtraction problem. Suppose 43 is subtracted from 75. The result, 
of course, is 32. The same problem can also be solved by taking 
the ten's complement of 43, adding it to 75 and considering only 
the two least-significant digits of the result: 



43's 



(10 COMP)= 
addi ng, , 



(9 
11 



113 



10)10 
-4110 

-|io 

'^lO 



= 32 



10 



Although subtraction was used to obtain the TEN's complement, 
recall that the microprocessor simply complements the bits of the 
word, i ncrement s by one and then adds to obtai n the TWO ' s complement. 



Word B = 43.0 = 2Q-,c = 0010 lOllo 
(I's COMP) = 1101 OlOOp 



+ 1 



(2's COMP) = 1101 OlOlo 
Word A = 75^Q = 4Big _= 0100 lOllg 



*/ means "ignore carry 



RESULT ii 0010 OOOO2 

(0010)2 (0000)2 = 20 



16 



= 32 



10' 



78 



Signed and Unsigned Numbers 

^^^^«*. +rv fill fill the requi reinents of some appli- 
For a microprocessor to fulfiutner ^ numbers have a 

cations, signed ""'"^^^5, f/.^.^^^PVy forming theTWO's complement 
zero as their most-si gni ficant bit. By Torm 9 opposite 

of a number a n"-b-^,f,,^rqVtive numbers the^Lst-signi^ 
siqn, is oroduced, with negai^ive ""'""^ ' = ^ ^^ formed by 
is set to' ONE. Conversely, a posit.ve number .an _e .- 
TWO'S complementing its negative equivalent. 

For example, a byte value ofposip^ve one is represented^ 

OOOOOOOU. A negat ve one is the ^^^ J ^°7^;^^' ^ positive one 
one or nilllll2. As with decimal values, aaamg a w 
to a negative one yields zero. 

0000 OOOI2 
nil Ullp 

carry u mm-mm^. 

Number Range. The range, R, of absolute numbers for a computer 
the w37 d size T which is n bits can be expressed as 

< R < 2" - 1. 

Therefore, a byte's absol ute^ ^-^^^^ "^f ^l^. ?.".^la-l.^' '"'"''' 
as'zero for the minimum ana ii^o ^^ - 1; .u. u..^. ...a -- - 

The range of signed numbers for a computer with a word size 
of n bits can be expressed as 

-2"-^ 1^1 2""^ - 1- 

as -iiio \-^~ "' '"' •-'"= "" ' "'" — " 

An the signed numbers for which n=4 are given below. 

Table 2-10. Signed Number With n=4 

OIII2 = +7 
OIIO2 = +6 
OlOlo = +5 
OlOOo = +4 
OOllo = +3 
OOIO2 = +2 
OOOlo = +1 
0000^ = 
llllo = -1 
lllOp = -2 
IIOI2 = -3 
llOOp = -4 
lOllo = -5 
lOlOo = -6 
lOOlo = -7 
IOOO2 = -8 
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Overflow . Referri ng to the ALU diagram in Figure 2-7, overflow 
(OV) is a status-line output by the unit. Overflow is a condition 
which exists whenever two si gned numbers are added and the resglt 
not within the si gned-number range defined by -2""^ < R < 2 



resu 1 1 1 s 
_< R < 2"-l - 1. 
There are several rules which enabl e one to determine when an overfl ow 
condition will occur. The rul es concerning overflow are as follows. 

1. It applies only to signed-number addition. 

2. When the two operands have opposite signs, overflow 
is impossible. 

3. When the two operands have the same sign, overflow 
is possible and occurs whenever the sign of the sum 
is opposite that of the operands. 

NOTE: Rules 2 and 3 apply after any TWO's complement 
operation has been performed on the subtrahend prior to 
the addition. 



As stated in Rul e 2, overfl ow cannot occur whenever two numbers 
with different signs are added. In an effort to produce overflow, 
extreme values are used in the next two examples. 



-128 



Maximum positive value 
Maximum negative value 



Miniriiui.i nonzero positive 
Minimum negative value 



127 

-1 



+ 126 



10 
UQ. 



0111 

nil 



nil 
iiii: 



10 



0111 1110- 



val ue 1 
-128 
-127 



10 
10 
10 



0000 OOOlp 
1000 OOOO g 
1000 OOOI2 



There was 
to 127. 



no 



overflow, sinceboth results lie within the range 



As stated in Rule 3, overflow is possible whenever two numbers 
with like signs are added. A sum with a different 
incorrect sum) is an indication of overflow 
represent some possible combinations. 



sign (i .e. , 
The next four examples 



+ 128 



64io = 0100 OOOOp 
0100 OOOOo 
1000 0000 



64 



US. 



64 
63 



+ 127 



10 



10 



10 



- 64 

- 64 
^T7E 



- 64 

- 65 



-129 



10 

10 

10 
4iX 



= -128^Q (overflow) 



10 



0100 OOOOp 
0011 IIII9 
0111 11112 

1100 OOOOo 
1100 OOOO9 
1000 OOOO2 

1100 OOOOp 
1011 IIII9 
0111 11112 



+127^0 (no overflow) 



-128^0 (no overflow) 



+127^0 (overflow). 
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Carry and Overflow . Referring to Figure 2-7, carry (Cqjj^) and 
overflow (OV) are two status output lines from the ALU. Examples 
using a bit width of three win be used here to illustrate the 
relationship between carry and overflow in signed numbers. 



Signed Binary Number Set 



oil 

010 
001 
000 
111 

no 

101 
100 



Decimal Equivalents 

3 

2 

1 


-1 
-2 
-3 
-4 



A number greater than 3 or less than -4 is not within the range 

three-bit si gned-bi nary-number set. Should any two numbers 

added, it is possible for the result to be outside 

^ state) and therefore invalid. The next four 

additTon^ca'ses demonstrate this principle. 



of the 

in the set be 

the range (overflow 



Case I: 


010 
001 

on 
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+ 2 
+ 1 
+ 3 


Case II: 


on 
on 

100 
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+ 3 
+1 
+ 4 


Case III: 
C = 


101 

111 

t linn 

i 1 iUU 
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-3 

-1 

It 

-■+ 


Case IV: 
C = 


101 

no 

1|011 


f 


-3 
-2 
-5 


qical AND an 


d OR Fi 


unctions 



No overflow results since there 
was not a carry out of the two 
most-significant bits. 

Overflow results since a carry 
has occurred out of the bit that 
precedes the sign bit. 

No overflow results since car- 
ries have occurred out of the 

^ -I rt in ^ 
O I VJ II U 



r\}r c\r ae\ '^ nn 



hi t . 



Overflow results since a carry 
out of the sign bit has occurred. 



In the interest of simplicity, earlier discussions concerning 
the ALU's arithmetic operation treated half- and ful 1 -adders as the 
fundamental blocks. However, these blocks ai^e comprised of even 
more elementary logic circuits called AND and OR gates. The AND 
circuit principle can best be illustrated using the simple circuit 
i n Fi gure 2-8. 

The AND circuit contains two switches in series. ^9S ^^J'^^^J'. 



IMC rMIU v^iiuuii- \..\jiiu«iiio V... »^ -^ ,, . .. _ — J 

flow from the battery and light the lamp, both switch A aiid 
witch B must be closed. Hence, the term AND circuit. A chart 
truth table) of the possible switch combinations and associated 



lamp status can be constructed as follows. 
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1 



LETTING = OFF 
1 = ON 



The electronic symbol for the AND circuit is shown in Figure 2-9. 

The A and B inputs to the AND circuit can be thought of as 
the series switches previously discussed. Using the truth table 
two bytes of binary data can be ANDed as follows. 

A = lOOlllOlp 
B = llOlOlOOo 
R = IOOIOIOO2. 

The OR circuit principle can best be illustrated using the 
simple circuit in Figure 2-10. 

The OR circuit contains two switches in parallel. For current 
to flow from the battery and light the lamp, either switch A or 
switch B must be closed. Hence, the term OR circuit. — 

A truth table of the possibl e swi tch combinations and associated 
lamp status can be constructed as follows. 



LETTING = OFF 
1 = ON 



The electronic symbol for the OR ci rcui t i s shown i n Fi gure 2-11. 

The A and B inputs to the OR circuit can be thought of as 
the parallel switches previously discussed. Usi ng the truth table 
two bytes of binary data can be ORed as follows. 

A = lOOlllOlp 
B = I IOIOIOO9 
k = IIOIIIOI2. 

The EX-OR logic has been previously di scussed. Its truth table 
IS reviewed below. 
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Figure 2-8. The "AND" Circuit Principle 




Figure 2-9. The Symbol for an "AND" Circuit 



SWITCH A 



LAMP 



SWITCH B 



BATTERY 



Figure 2-10. The "OR" Circuit Principle 
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Figure 2-11. The Symbol for the "OR" Circuit 




Figure 2-12. The Symbol for the "EX-OR" Circuit 



The electronic circuit symbol fnr tho py no • •. . 
in Figure 2-12. ^ymooi tor the EX-OR circuit is shown 

Two binary numbers may be EX-ORed in the following manner. 

A = lOOlllOlp 
B = llOlOlOOp 
K = OIOOIOOI2. 

L-3---- -^"-""-" io^^c^^^.c.^?.rrs ^%vji^; -?>- 
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The truth (addition) table can be written as follows 



A 








1 


1 


B 





1 





1 


SUM 





1 


1 





CARRY 











1 



2.4 ON-BOARD TERMINAL 

The TMS 9980A microprocessor, as a single i ntegrated-ci rcui t 
package, cannot function as a computer without additional related 
circuitry. This circuitry usually includes a clock generator for 
system timing, volatile memory storage called RAM (random access 
memory) , communication ports, nonvolatile memory storage called ROM 
(read only memory), and a means for interacting with a user. The 
University Board contains all of the necessary components to form 
a microcomputer capable of being programmed. 



The 



The ROM on the University Board contains a program cal led UNIBUG. 
name is taken from the first three letters in University and 
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the last three letters of de bug . Debug is the term used to describe 
program trouble-shooting. The UNIBUG program enables the user to 
converse with the system via a set of key switches and display 
elements col 1 ecti vely known as the "on-board" terminal or, optionally, 
with an "off-board" terminal connected to the board. 

The input port ion of the cal cul ator-1 i ke on-board terminal con- 
sists of a five- by -nine keyboard matrix pad. The keyboard pad contains 
a shift key, which causes the UNIBUG program to interpret each 
key in the matrix as one of two possible characters. Even though 
there are only 45 keys, this shifting procedure enables practically 
the full ASCII character and control set to be represented. Notable 
exceptions are the lower case letters and the ampersand (&) character. 

Figure 2-14 shows the keypad' s unshifted key code desi gnations. 
Note the shift key located in the lower lefthand corner of the 
matrix pad. 

The keys in the unshifted mode can be determined readily from 
their inscriptions. The space and carriage-return keys are marked 
Sp and Ret respectively. 

Temporary depression of the shift key causes the keyboard matrix 
to assume the designations shown in Figure 2-15. 

Many of the keys in the shifted mode are used for control, 
while the other keys are commonly used for special symbols. The 
control keys are used principally in data transmission protocol. 
The control key's abbreviations and descriptions are listed below. 

ETB - End of transmission block 

CAN - Cancel 

EM - End of medi um 

DCl - Device control 1 

DC2 - Device control 2 

DCS - Device control 3 

DC4 - Device control 4 

NAK - Negative acknowledge 

FF - Form feed 

DEL - Delete 

50 - Shift Out 

51 - Shift In 

DLE - Data-link escape 

BEL - Bell (audible) 

BS - Backspace 

HT - Horizontal tab 

LF - Li ne feed 

VT - Vertical tab 

STX - Start of text 

ETX - End of text 

EOT - End of transmission 

ENQ - Enquiry 

ACK - Acknowl edge 

ESC - Escape 

SOH - Start of heading. 
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Figure 2-14. The Terminal Keypad (Unshifted) 



QIQ BCT ^Q 
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Figure 2-15. The Terminal Keypa 

8? 



d (with Shift Key Depressed) 



These ASCII control codes 
ence is represented 
while in the UNIBUG m 



bv'^r h'l? u"°^ Printable; therefore, their ores 
'^n?toV.'"' ^" ''' '"'^'^y ^hen they Vrl llyl. 




2.5 



UNIBUG MONITOR COMMANDS 



ROM on"t"ebS:r'd"Vs%'rVg'ra^^^^^^ to%'?" i m tial ized, the nonvolatile 
acter entries and perform cert Jn f'^l''-"^ ^° keyboard-command char- 
the functions iTst'ed below! ""''''"'• '^^ '"^"^^^^ ^^" Perform 



^lonitor Function 



A 
B 
C 
D 
E 
F 

J 

L 

M 

P 

R 

S 

T 

W 



Assembler execute with new symbol table 

Dump memory to tape 
Execute (to breakpoint) 
Status register inspect/change 
Jump to start of expansion EPROM 
Load program from tape 
Memory inspect/change 
Program-counter inspect/change 
s?nnff'^^ register inspect/change 
jingle-step program execution 
Typewriter function 
Workspace-pointer inspect/change. 




Figure 2-16. The Onboard Terminal Display 
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General Operation 

.0 .^z^^i/'^' ^%.hrs^':^: o:e^o7\rr.^, pr;j 

^the^Lru^l ope^ion Of the n nseU 

an automobile the fastest metnoa TO H, operation as soon 
un.ve. o..y ^^^^- --_t- _ cgction will use the "cookbook" approach 
Towfrr ^in'g^fo uVe Th^ VsTe'J ^Kowever , the .operational knowledge 
gained here will be used throughout the remainder of the book. 

The TM 990/189, like other el ectronic devices must have elec- 
triral DOwer to operate. Once power is applied, the circuit ooaru 
is activated This action causes an initialization routine within 
^^ !Pi^^.^.^ u._.„ \:„«...fnon Part of this routine's responsibility 




by depressing the LOAD switch. 

The SHIFT lamp is ^1 ways . of f af t er the i ni t i al i zat i on process 
indicatingthat the keypad is in the ^"^l^^.^ted state The usej- can 
nnw nrp.. the SHIFT key and observe the 1 i ghted SHIFT J_am^p_^ and 



n OW 



accompanying "click" from the speaker. The Keypao is now ,,. .n = 
Shifted state and the keys assume the second set of ASCIi values 
!hlw„ in Fioure 2-15 The keypad can be returned to the unshifted 
.tate bvdeoresslng another key after the SHIFT key (except for the 
DlsPLA^VE^Tani DISPLAY RIGHT keys, which leave the keyboard in 
the shift state) . 

Since theTM 990/189 can serv1^ce_em_er Ue o^n^-t>^oa^r^d ^t^er^m^in^^^^^ 

an external termi na I , tne user must imu.... un^ oj-.v^... .. - 

type will be used for interaction. 

Ensuring that the keyboard Is ^ " the unshifted =tate press 
Pot frsrriaae return) for use of the on-board terminal, iutnerwise, 
the etter P may S^ keyed for use of an external terminal device 
connected to the communication port.) Only the on-board terminal s 
usage will be discussed here. 

After the Ret key has been pressed, a question mark (?) appears 
in the leftmost display. This symbol prompts the user to enter a 
in Lne leiumuai^ apt otr All of the various commands are 
command character: A,B,C, etc. am ot tnt; ;^''^ HiQrussed 
discussed later, but only the T (typewriter) command is discussea 

at this point. 

Farh disDlav element has only seven segments to represent an 
ASCII character This causes some of the symbols not to be readily 
discernabler The T command enables the user to key ^^ the various 
characters and observe their associated symbols in the display. 
T b ee-ll sts the printable ASCII characters and their associated 
symbols.) With the T command, these characters can be shifted 
or unshifted and entered in any order. 
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Table 2-11. Display Character Font 





ASCII 
CHARACTER 


DISPLAY 
CHARACTER 


SEGMENTS 
ILLUMINATED 


ASCII 
CHARACTER 


DISPLAY 
CHARACTER 


SEGMENTS 
ILLUMINATED 




A 
B 


R 

1 


a,b,c,e,f 


6 


r 
u 


a,c,d,e,f,g 




O 


c,d,e,f,g 


7 


1 

1 


a,b,c 




C 


l_ 
1 


a,d,e,f 


8 


8 


a,b,c,d,e,f,g 







D 


b,c,d,e,g 


9 


g 


a,b,c,d,f,g 




E 
F 


I- 

c 


a,d,e,f,g 





n 
u 


a,b,c,d,e,f 




1 

r 


a,e,f,g 


SPACE 




(none) 




G 


u 
1 1 


a,c,d,e,f 


(3 


III 

i_ 


a,b,d,e,f,g 




H 
I 

■1 


in 


b,c,e,f,g 


$ 


r 
J. 


a,c,d,f,p 




1 
1 


c 


* 


1 

1. 


b,c,g,p 




J 


u 

1 1 


b,c,d,e 


1 


1 


b 




K 


I-' 

1 


b,e,f,g 


> 


n 


a,b 




L 


1 

I— 


d,e,f 


+ 


1 


b,c,g 




M 


n 


a,c,e,g 


- 


— 


g 




N 


n 


c,e,g 


( 


c 


d,e,g 







D 
a 


c,d,e,g 


) 


3 


c,d,g 




P 


1 

Q 


a,b,e,f,g 


% 


r' 


b,e,g,p 




Q 


1 


a,b,c,f,g 


1 


H 


b,e,g 




R 


r 
r 


e,g 


= 


- 


d,g 




S 


J 
1 


a,c,d,f 


/\ 


n 


a,b,f 




T 


C 

1 1 


d,e,f,g 


< 


c 


a,f,g 




U 


u 
u 


a,c,d,e,f 


> 


_, 


d,p 




V 


= 


b.d.f.g 


. 




P 




W 


u 


a,c,d,e 


> 


J. 


c,d,p 




X 


u 


a,d,g 


: 


1 


c,p 




Y 


_l 
~l 


b,c,d,f,g 


? 


?\ 


a,b,e,g,p 




Z 


L 

1 


a,b,d,e 


1 


1 
1, 


b,c,p 




1 


1 
3 


b,c 






d 




2 


L 


a,b,d,e,g 


II 


1 1 


b,f 




3 


3 

1 1 


a,b,c,d,g 


# 


1 

D 


b,c,d,g 




4 


1 
1 — 


b,c,f,g 










5 


b 


a,c,d,f,g 
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the unshifted mode 



pr 
Ve 



T u 1^^ fQ(it\ ^^ an examole. the unsmriea moae 
using the key labeled (8/#) as an exampi^^^^^ . ^ ^^^^^ 

that an 8 appears in the display to ^^r^te to become more 

bQl. The user may key various others characters 
familiar with their representations. 

Although only ten characters (i ncluding --0^)^^- be dispUyed 
,, . time, an internal - ---^^V^ H^-^st 

ay 
ay 




the roiai^ion ui 



I, II C V^ II U 1 



ci'enr^xprrimentatonrthe typewriter mode can be exited by again 
pressing the LOAD switch. 



UN I BUG Command Syntax 



allow optional 



the various command syntax conventions. 



Tl 
T2 

T3 

[ ] 
(Ret 



Uni bug Command Syntax 



Indicates 
Indicates 
entered 
Indicates 
(Ret) must 



a space (SP) 
that either 



must be 
a space 



entered 

or comma must be 



r c L u r I 



that either a space, comma ur 
i,\c;u, M.v.-,v- be entered 

Indicates that the content of the brackets is an 
optional item supplied by the operator 
Return. 
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UNIBU6 Command Descriptions 




A--Assemb1er (C]ear Symbol Tablp) 
Syntax: 



A [address]T3 
Description: This 



command 



Of this command causes the symbor table torage;ea to 
in preparation for a different program's assemb?y A mo, 
description of the assembler and it s operation is gi ven in 



calls the symbolic assembler. Use 

be cleared 

re complete 

gi ven i n Chapter 4. 



Exampl e: 

?A 2000(Ret) 



B--Assembler (Save Symbol Table) 
Syntax: 
B [address]T3 

the symbo[^^abl^"^•J^!.'t'T'"'^S'l^'*^^^y'"b°^^■c assembler; however 
function i's f'ound in Chapter 4 ' description of this command's 



Exampl e: 

?B >2020{Ret) 



NOTE: >indicates hexadecimal 



C--CRU Inspect/Chang e 

Syntax: 

C [CRU R12 ADDRESS] T2 [count] T3 

Description: This command cause 
communication register unit (CRU) por 
decimal representation. The select 



causes up to 16 bits of the 
rts to be displayed in 
ed bits are displayed 



gi ven 

hexa- 

right- 
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bit 




bit 
The 
CRU 
for 
R12 
CRU 
CRU 



he CRU - 
ADDRESS is a hexadec i ma 1 va I ue which contains 

bit address in bit positions 
output bits that correspond to 
displayed maybe altered by keying in 
riqht-justified. A terminating character 
itDut. Acarriage 

UNIBUG command scanner 



b p i i - b 1 1 n a r u w a r 

4 through 14 of the word. The 

the displayed CRU input bits 

the desired hexadecimal data, 

,__ after this data causes 

- . u +o,,t fl rprrianp r'e"tuVn"as the terminating character 
^a^/e\*Vr°et'';rrt''o^he'VN7BUr.:;:^"nd scanner following the data 

output. A minus sign (-) or a 
character causes the sel ected IK 
default val ue for the CRU 



The 
value for 



space as the output data termi nati ng 
>.U output bits to be displayed again. 
R12 ADDRESS is zero and the default 



the count is 16. 



Exampl e: 

?C >20,4(Ret) 




causes the state of the four user LED s 
on the University Board to be di spl ayed 
as the rightmost hexadecimal digit. 
Changing this value, followed by a term- 

inating cnardcuer, «uuiu ^,«..-- 

LED's to reflect the value input. 

further explained in subsection 6 



5. 



Syntax: 



\j L s L d r L 



a U U I C O O J 



T9 



rctnn addressl T2 [entry address] T2 



IDT 



V><NA 



Monitor 



AME> <T1> 
< > = must 

[ ] 



z 



<Y> 



READY 

i tern 

optional i tern 



Descri ption: Memory is 
given "start address" to the "stop address 
address in memory where program execution 
character name to be given 



1- to 

this command is 



dumped to the cassette i nterf ace from the 

^ ," "Entry address i s the 

is to begin. IDT is the 

to the dumped data. Use of 



described in Chapter 6. 



F--Execute to Breakpoint 



Syntax : 

E [breakpoint address]T3 

Description: The E command causes program ^^p^^^^^^^^^^^Vo^unte? 
values in the workspace pointer (WP), program counter 



the current 
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(PC) and status register (ST). An optional breakpoint (stop execu- 
tion) address can be used to specify the location of an instruction 
where execution of the program stops and control returns to the 
monitor. This allows a program to be stopped at selected locations 
for debugging purposes. 



Exampl e: 

?E (Ret) 

?E lOOO(Ret) 



F--Flag (Status) Register Inspect/Change 
Syntax: 
F 




BIT 

BIT 

BIT 

BIT 

BIT 

BIT 

BIT 

BITS 

BITS 



Logical greater than (L>) (no sign bit) 

Arithmetic greater than (A>)(MSB is sign 

Equal (EQ) ^ 

Carry (C) 

Overflow (OV) 

Odd parity (OP) 

Extended operation (X) 
7-11 = Reserved 
12-15 = Interrupt mask. 



bit) 



Figure 1-9 shows the status register. 



Exampl e: 

?F 

?F = 2002 



2000 (Ret) changes the contents of the user 
program's status register from 2002,^ 
2000^g. 15 



to 



T3 



J--Jump to Start of Expansion EPROM 
Syntax: 
J [value 1] T2 [value 2] T2 [value 3] 

EPRnM^nn^Vh^J^^M"'- ^^-^ J command causes a branch to the expansion 
an ?ppnM } ^- University Board. The user must place a program in 

te^TM 990/189' Hn'tn^h'' ''"i ^^^^"^^^ t he a va i 1 abl e 'socLt on 
ine iM 990/189. Up to three values can be passed to the program in 

the expansion EPROM; these will be stored starting at address 
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Exampl e: 

J 125A;3,72E(Ret) 



L--Load Program From Tape 
Syntax: 



causes the three values 125A;l5, 
3, and 72Eifi to be passed to 
addresses OOSOic, 0082i6. ^nd 
008416; and control given to a 

p r u g r am in one; <_/Nf^a..^.w.i ^ . .. - 

SOCKET. 



Description: Memory is loaded from the 
using the addresses and data found on the tape, 
for a detailed description of this command. 

Exampl e: 
?L 



cassette interface 
Refer to Chapter 6 



^--Memory Inspect/Change 
Syntax: 
M [address]T3 



Description: 
decimal mem 
allows the 



pu.un. Memory inspect/change "opens" the se ected hexa- 
Sry location, displays the contents of that location and 
option of changing the data in that location. There is 



causes 



for advancing to the next location or backing up 
to the previous address. The' termination character used arter a 
memory location is opened (and optional data is entered) 
different results. If the termination character is a 

° Carriage return, control returns to the UNIBUG command 
scanner 

" A space or comma, the next memory location is opened 
and displayed 

° A minus sign, the previous memory 1 ocati on is open and 
di splayed 

° A hexadecimal value, it is entered pri or to the termi - 
nation character, and the displayed memory .ocation iS 
updated to the value entered. 

The default value for the address operand is zero. 



95 



Exampl e: 
?M 200(Ret) 
0200 = FOFF T2 

0202 = 0012 FFFF T2 

0204 = AOBO - 

0202 = FFFF(Ret) 



FOFF is contents of location 
O20O16 

causes FFFFig to repl ace 0012i ^ 
at location 0202^^. ^° 

AOBO^g is contents of location 
0204^g; minus sign causes pre- 
vious address to be displayed. 

^^^^16 is contents of location 
^16' ^Ret) exits memory com- 
mand. 



P--Program Counter Inspect/Change 
Syntax: 
P 

Description: The user program's 
inspected and, optionally, changed by 
this register is the address at which 
or S command is used. 



program counter (PC) can be 

this command. The value in 

execution begins when the E 



followed'by'a (\'e\u ''''''" "'"'' '"^'' ' "'" "^x^decimal value 



Exampl e: 

= 20AE 220(Ret) 



?P 
?P 



changes the contents of the user 
program's program counter from 
2OAE16 ^0 0220^6. 



R--Register Inspect/Change 
Syntax: 
R[hexadecimal register number]T3 



?nf^i:i5V°^"' ^,^e user-program's working-register contents 
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Exampl es 
?R9(Ret) 



displays the contents ofworking regis- 
ter 9. 



R 



9 = FFF7(Ret) FFF7^5 isthe contents of register9. 



rKD ^ Keu; 



w-if-nT awe T \n a r rtnf ar\f ^ r\f wi^'f''^- 

ter 11. 



ino reciis- 



RB = 3362 7CD8 changes the content s of Rl 1 from 3362^5 

to 7CD8^5. 

The selected register's number is displayed a long with the 
contents of the register. If subsequent registers are examined 
(by use of a space or minus character), the address of the subsequent 
register is displayed with the contents of the address. 



For example, assume 

?R9(Ret) 

R9 = 012A(Sp) 

0114 = 9D34(Ret) 



the workspace pointer is set to 100;^5 

operator specifies register 9. 

contents of register 9 (memory 
location 0112^5 is 012A^5. 
Operator enters space to examine 

114]^5 is address of register 



16 



Contents of register A25 
is" 9034^5. Carriage return 
exits the command sequence. 

Notice that the selected register should be specified as a 
jdecimal digit. If more than one digit is entered, only the 
last^digit is used to determine the selected register. 

For example, if the operator enters Rll with the intention 
of examing register 11 (Bng), only the last digit will be used 
to select the register, therefore register 1 will be displayed. 



S--Single Step 

Syntax: 
S 

Description: The single-step command causes executi on to begi n 
at the address in the user's program counter. Execution isjjmited to 
nne instruction at a time, which enables the use of the other UNIBUb 
command functions between i nstructi ons to debug the program. Succes- 
sive instructions are executed by successive pressing of the S key. 
The display will show the letter S. To the right of the S is the 
address of the next instruction. To the left of the S is the least 
significant 8-bits (two hexadecimal digits) of the address of the 
instruction just executed. A carriage return exits the command. 
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Exampl e: 

?S 

02S 0204 



0204 is the address of the next In- 
struction and 02 represents the 
leastsignificant 8-bits of the ad- 
dress of the instruction just ex- 
ecuted. 



T--Typewri ter Program 
Syntax: 
T 

Description: The typewriter co 



tho t^^^- ? I 'ne typewriter command enables the user to evaluate 

react?vai?na'th'p'^'nVn'' andcontrols. The mode can be exited on y by 
reactivating the LOAD switch. 



Exampl e: 

?T ABCDEF123456789 



W--Workspace Pointer Inspect/Change 
Syntax: 
W 

Description: The user-program's workspace pointer (WP) can bp 

nspected and changed by this command. The value in thsreq'ster 

s the address at which the user's workspace registers start f^c 

ll2TnA\\%%V' ''' ^°^^^^^" 1.plemen^ed whVnVvY/ llr\' '''' 

Exampl e: 

?W 

?W = OOCC 380(Ret) 



or 



changes the contents of the user pro- 
gram s workspace pointer from 00CCi ^ 
to 0380jg. 16 
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2.6 SUMMARY 

- J. u J _ rhdo'tsr 0116 of thfi nis 1 n objsctlvcs is to Qcinonsii 3X6 
fundam6ntal facts common to diff6r6nt number systems. It is shown 
that positional notation is the avenue toward converting a value 
of any number base to an equivalent decimal value. Simple algorithms 
are used to convert decimal values into another base. The chapter 
deals mostly with the mechanical manipulation of the number systems 
in order to convey only the essential knowledge necessary for work- 
ing with microprocessors. 

Although the range of number bases is infinite, only the more 
useful ones such as decimal . binary , octal, and hexadecimal are used 
with computers. It is shown that binary numbers lend themselves to 
electrical switching principles and are, therefore, the basic system. 
Convenient grouping of the binary digits gave rise to the octal 
and hexadecimal systems as well as BCD and ASCII. 

The EX-OR, ADD, INV, AND, and OR functions are shown to be 
the fundamental tasks performed by the Arithmetic Logic Unit with 
carry (C) and overflow (OV) being two important states output. Carry 
is characteristic of both signed and unsi gned numbers while overflow 
pertains only to signed numbers. 

Finally, usage of the UNIBUG commands is discussed to allow 

.'' ». I .._., j£.. 4.u..»y« lnn-;/>a1 •Piinr + innc with tnP 

the user to perrorm ana veriijr uncac iwgivai iu..uv.x,..- w.-.. ^..^ 
TM 990/189. The facts learned in this chapter should prove useful 
in the subsequent chapters. 

2.7 EXERCISES 



Write the following numbers in positional notation. 

(a) 1357io 

(b) 409,0 

Write the following numbers in shorthand notation 

(a) [7 X (10^)] + [2 X (lOMl + [0 x (lO")] 

(b) [3 X lOM] + [8 X {10"n 

(c) [9 X dOM] + [9 X (10")] • 



Binary Conversions 

3. Convert the following binary numbers to decimal. 

(a) lOllo = 10 

(b) IIIIIIII2 = 10 

(c) IOOOOOOO2 = 10 
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4. Convert the following decimal numbers to binary 
!?! 1??10 = 2 



(b) IBio 

(c) 255jo 



Octal Conversions 



Convert the following decimal numbers to octal. 



6. Convert the following octal numbers to decimal. 

(a) lOg = 10 

(b) lOOn = 1° 

^^) 1< = jg 

7. Convert the following binary numbers to octal. 

(a) OlOllOOlOp = Q 

(b) llOOlOllo = — ° 

(c) IOI2 = I 

8. Convert the following octal numbers to binary. 



(a) 177 



b) 



35 



(c) 127 



Hexadecimal Conversions 



9. Convert the following decimal numbers to hexadecimal 
(a ' 32-1 n = . 

">' 128 = ^ 

<^' 300}^ = \l 

10. Convert the following hexadecimal numbers to decimal 

(b) ci^. 10 



(c) FAD 



^li 



-10 
.10 



11 



12 



Convert the following binary number to hexadecimal. 

(a) lOOOOOOlo = ,^ 

(b) IOIIIII9 = ~ 

(c) '-'^ 



1011, 



-16 



-16 



Convert the following hexadecimal numbers to binary. 

(a) IAF16 = 9 

(b) 5BE^^ ^ 



(c) 9CD 



16 
16 



100 



Fractional Conversions 

13. Convert the following decimal fractions to the three 
different bases. 

(a) 3.1428^0 = —2 

(b) 10. 125^0 = - -8 

(c) 1.768^^0 = _16 

Convert the following three base fractions to decimal. 

(a) l.lOllo = in 

(b) 7.3458 = 10 

(c) A.CDE^g = _—— 10 



14. 



BCD Conversions 

Color-in the lamps representing the following decimal 



15. 
numbers. 



16 



17 



(a 



(b) 



(c) 



17 



10 



80 



10 



61 



10 



0.--8---0 
0.-.4---0 
0---2---0 
0---1---0 

0-..8---0 
0---4---0 
0-..2---0 
0..-1---0 

— -8---0 
0-..4---0 
0--.2---0 
O-.-l-.-O 



Convert the following binary values to BCD equivalents 

(a) OIOIOIIO2 = BCD 

(b) lOOO.OOOIo = BCD 

(c) OOIIIOOOOIII2 = BCD 



Convert the following BCD values to binary digits 

^BCD = 
•23bcd 



73 



(a) 

(b) 1 

(c) 14.0b55-= 



_2 
_2 



ASCII Conversions 



chara 
p a r i ty 



18 Using the hexadecimal ASCII table, evaluate the following 
ct^rs 7o the right, evaluate the same characters using odd 



(a) 
(b) 
(c) 
(d) 



A = 

Z = 

= 

9 = 



-16 
-16 
-16 
-16 



-16 
-16 
-16 

.16 



101 



hex 



19. 


Usi 


codes 


V T< 




(a) 




(b) 




(c) 




(d) 



Using the hexadecimal ASCII table, evaluate the following 
. 10 the right, indicate an odd or even number of bits! 



48 
55 
33 
7F 



16 
16 
16 
16 



20. 



values 7Dnll^^B\V"'''''''' ''''''' functions on the hexadecimal 

(a) Half-add (EX-OR) 

(b) Full-add (ADD) 

(c) Invert (each value) 

(d) two's complement (each value) 

(e) Subtract first from second 

(f) 'AND' 

(g) 'OR' 

2.8 LAB EXPERIMENTS 

tho ult!®!^^^''^^"^?^ presented in this section are used to reinforce 
the know edge gained during the course of this chapter. Fi rsisolvl 
the problem manually and then verify the solution by usinq the 
University Board Enter (via the on-board termi nal ) and execute 
short programs which leave the correct result in the specified reg- 




(2) 



(3) 



(4) 



us?nn th^u^'P^" pointer value of hexadecimal 300 
using the w command. 



valJlVo n.'h.V"H^cTAOT?'' ''^^" °^ hexadecimal 
value 200 (labeled START) using the P command. 

Clear the status register by entering into it 
the value zero using the F command. ^ 

Enter the listed hexadecimal val ues representi ng the 
!!l°!;!.?''S3n^'^ using the M command starting at memory 



address 200 



16 



(5) Verify 



verity proper entry of the program by once again 
cycling through memory and ensuri ng that the correct 
instruction value is contained in the proper location 
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(6) Finally, the single-step S commands can be used to 
sequential ly execute the program's instructions un- 
til the address labeled STOP is reached. 

(7) The user shoul d then inspect the requested regi ster' s 
con ucnts . 

1. Exclusive - OR (half add) the two hexadecimal values 27EF 
and C541. First convert the values to binary numbers. 

Manual : 27EF15 = 2 

C541i6 = 2 

Answer = 2 ~ 16 

Program : 

Address Code Instruction 

0200 0200 START LI R0,>27EF 

0202 27EF 

0204 0201 LI R1,>C541 

0206 C541 

0208 2801 XOR R1,R0 

020A 1000 STOP NOP 

Inspect RO = j^g 

E2AE 

2. Full-add the two hexadecimal values 7FFF and 7FFF. Also 
determine the resulting OVERFLOW and CARRY states after the addition. 
First convert the values to binary numbers. 



Manual : 


/FH-16 = 
7FFfJ6 = 
Answer = 

OV = 






2 CY 




. 2 
. 2 
2 "^ 




2 


Program: 


Address 




Code 


In 


structi 


on 




0200 
0202 
0204 
0206 
0208 




0200 
7FFF 
C040 
A040 
1000 


START 
STOP 


LI 

A 
NOP 


R0,>7FFF 

MOV R0,R1 
R0,R1 




I nspect 
Inspect 
Overf 1 ow 


Rl - 
Flag 








. 16 




Reg. = 






- 16 








. 2 




Carry = 










. 2 



16 
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3. Fifteen's complement the decimal value 16. First, convert 
the value to hexadecimal, then complement. 

Manual : 

16, « = . . ^ 

COM 





16io = _ 
Address 






_ _ ifi = 






Program: 




Code 


Instruction 




0200 
0202 
0204 
0206 




0200 
0010 
0540 
1000 


START 
STOP 


LI 

INV 
NOP 


R0,16 
RO 




Inspect 


RO = 


= 




16 





4. Sixteen's complement decimal value 16. First convert the 
value to hexadecimal. 



Manual 



Program 



16io = _ 






Ifi = 




Address 




Code 


Instruction 


0200 
0202 
0204 
0206 
0208 




0200 
0010 
0540 
0580 
1000 


START 
STOP 


LI R0,16 

INV RO 
INC RO 
NOP 


Inspect 


RO 


= 




1 fi 



COM 



5. Subtract le^Q from lOOin usi ng sixteen' s complement. First 
convert the values to hexadecimal. 

Manual : lOO^g = 

■^^10 = 16 

Answer = .^ 

Address Code Instruction 

0200 0200 START LI RO.lOO 

0202 0064 

0204 0220 AI R0,-16 

0206 FFFO 

0208 1000 STOP NOP 

Inspect RO = 



Program : 



16 



104 



6. Using successive subtractions determi ne how many times 1 63^0 
can be removed from IOO^q* ^^so give the remainder. 



Manual 



B 



16 I 100 I R 



Program 



Address 


Code 


Instruction 




0200 


04C0 


START 


CLR 


RO 


0202 


0201 




LI 


Rl,100 


0204 


0064 








0206 


0221 


LOOP 


AI 


Rl,-16 


0208 


FFFO 








020A 


1702 




JNC 


FINISH 


020c 


0580 




INC 


RO 


020E 


lOFB 




JMP 


LOOP 


0210 


0221 


FINISH 


Al 


Rl,16 


r\ 1 


on 1 n 








xicyc 


uu xu 








0214 


1000 


STOP 


NOP 





Inspect RO = 
Inspect Rl = 



^5 COUNT 



16 



REMAINDER 
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CHAPTER 3 
INTRODUCTION TO COMPUTER ADDRESSING AND PROGRAM DEVELOPMENT 

3.1 INTRODUCTION 

This chapter introduces the user of the University Board (TM 
990/189) to three major computer programming topics. Computer ad^- 
dressinq is presented in relation to computers in general, and 
to the IMS 9980A microprocessor in particular. Computer instruc - 
tions are presented and explained, along with related exercises 
and application notes. Then, the proper procedure for producing 
a computer program i s i ntroduced. These three topics are correlated 
with exercises and lab experiments. 

As a background to this introduction to computer programming, 
the three pri ncipal 1 evel s of programming 1 anguage wi 11 be discussed 
Kyiofiy, These are 

° Machine language 
" Assembly language 
** High-level language. 

Machine Language 

Machine Language (also known as machine code) is the most 
elementary (though not the simplest) of these levels. It is the 
"software" language of ONE's and ZERO'S by which the computer can 
be programmed directly. It is important, i ndeed necessary , to have 
an understanding of this level of computer programming language, 
even if one intends to program mainly in assembly language or a 
high-level language. This understandi ng i s necessary for a program- 
mer to modify (patch) the machine code of a program. Program 
patching is generally done when small changes are needed. When 
a bug is discovered, patching is beneficial to check out a proposed 
solution. Such verification avoids investing time in documenting 
an incorrect solution. It is unwise for a programmer to attempt 
to patch a program if he lacks a clear understanding of the related 
machine-language formats. 

Assembly Language 

Although machine language is the most el ementary level, assem- 
bly language is currently themost popular level for microprocessor 
applications and is the focus for this book. Assembly. 1 anguage 
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is "one step above" machine language. It could be referred to 
as the "humanized" version of machine language. Assembly language 
can be defined simply as mnemonic code, which uses word abbrevia- 
tions having a one-to-one rel ationshi p to machine-1 anguage instruc- 
tions. Assembly 1 anguage is most popul ar for microprocessor applica- 
tions for the following reasons. 

° In contrast to machi ne 1 anguage, it provides a balance 
between readability and capabi 1 i ty to control computer 
f uncti ons . 

° In contrast to high-level language, it generally exe- 
cutes faster, and it requires less memory space. 

Although assembly language is the most popular level for 
microprocessor applications, it is important to consider the third 
principal level of computer programming language. 

High-level Language 

The i nterest in high-level 1 anguage isillustrated by thepro- 
liferation of languages such as FORTRAN, COBOL, Pascal, BASIC, and 
many others which are oriented toward users. In these languages 
each source statement becomes five or ten machine codes in contrast 
to the one-to-one relationship for assembly language. Further dis- 
tinctions between assembly language and high-level language are 
given in Chapter 4. 

3.2 COMPUTER ADDRESSING: WHAT DOES IT MEAN? 

Computer addressing means a lot of different things. It is 
considered here first with respect to computers in general, then 
the discussion focuses upon the specifics of computer addressing 
with respect to the TMS 9980A microprocessor. 

The word "addressing" or "address" refers to some location, 
such as the address of a friend's house. The friend who lives 
in the house and the address of the house are two different things, 
but the address does indicate the location of the house and, thus, 
the location of the friend. 

With computers in general, an address, or addressing, simi- 
larly refers to a location. The items in these locations can be 
considered in three categories: 

° Location of an operand 

° Location of next instruction 

° Location of a peripheral device. 
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Location of an Operand 

The first and primary category of addressing is the location 
of an operand. An operand is an item to be operated upon, such 
as an addend in addition. With computers i n general , the operand's 
location will be one of five different types: 



r e r 1 pri cr a I 



Register 

Instruction (called an immediate operand) 

Stack 

Memory . 



Location of Next Instruction 

The computer address can also refer to the location of the 
next instruction. Typical ly , the next instruction is located imme- 
diately fol 1 owi ng the current i nstructi on. Thus , the program counter 
(PC) is simply incremented during the execution of the current in- 
struction in preparation for the next instruction fetch. However, 
a transfer of control instruction (often called jump, branch, or 
skip instructions) can be used to change the program flow, in which 
case the address of the PC is modified so that it points to an 
instruction other than the next one. Thus, the location of the 

■I K«# any r, rt a nf thp follnwinO. 



next insurucLiuri t.ari 



Program Counter --The program counter usually c 
the location of the next instruction because 
incremented during the execution of the current i 
tion. 

Register --The location of the next instruction 
located in some register ; therefore, the cont 
this register would be moved into the program c 
Instruction--The location of the next instruct 

i nstruct 



ontains 

it is 

nstruc- 

may be 
ents of 
ounter. 
ion may 
ion; if 
m coun- 



be immediately a part of the current 

so, thi s constant would be moved into the progra 

t e r . 

$tack --The 1 ocation of the next i nstructi on may be in a 

hardware or software stack , e.g., the return address 

of a subroutine. 

Memory --The location of the next instruction may be 

in some memory location. 



Location of a Peripheral Device 

As indicated, addressing refers to the location of an operand 
or it may refer to the location of the next instruction. A third 
category'of computer addressing relatestothe 1 ocation of a peripheral 
device. These devices may fall into several subcategories as mentioned 
in Chapter 1. All three of these addressi ng categories are summari zed 
in Table 3-1. 
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Table 3-1. Summary of Addressing Categories 

Location of Location of the Location of a 

an Operand Next Instruction Peripheral Device 

Peripheral Program Input and/or output 

input/output device Counter Serial and/or parallel 

Register Register Type of device control 

Instruction Instruction -Program-controlled 

Stack Stack -Interrupt-dri ven 

Memory Memory -DMA 

Address and Contents Distinguished 

It is important to clearly di sti ngui sh the address of the loca- 
tion from the contents of the location. Computer addressing is stmilar 
to street addressing. On each house there is a number, which is 
the address. Each house has a person (or persons) living in it, 
which corresponds to the contents of the house. It is esserttial 
in programming a computer to keep thi s di sti notion clear since both 
the contents and the address will be numbers. Even though th-^y 
look similar, they are different! One number, which is called 
the address will refer to the location where something is. This 
location will contain the contents . So, the numerical address 
will point to the location which contains the numerical conterits 
to which reference is made. 

For example, memory location OAOO^g (address) may contain the 
number 1234^g (contents), which is the number to be added to the 
contents of register 1. Note that the operand has an address which 
is different from the contents. In all likelihood, there is also 
a location 1234-^5 (address) which probably contains a different 
number. 

From this point on in the book, any hexadecimal value may 
be indicated with the greater than symbol (>) to simp! i fy notation. 
Hence, 

0400^6 = >0400 

1234^5 = >1234. 

Program Example Introduced 

In the first half of this chapter, the computer instructions 
necessary to implement a program exampl e are presented. This program 
example calculates the function of Nl and N2 represented in the 
following equation: 

F(N1,N2) = [4 (Nl - N2)]2 

This function can be clarified by breaking it down as follows. 
First, subtract N2 from Nl, then, multiply that result by 4 and, 
finally, square that result. 
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Rl 



UNCHANGED 
AFTER 



"DIFFERENT" 
AFTER 



12 3 4 



12 3 4 



R9 



SOURCE 



DESTINATION 



EXAMPLE : MOV R1,R9 

(MOVE FROM 



SOURCE 



TO DESTINATION) 

(MOVE From register i W register 9) 



Figure 3-1. Register Direct Addressing Illustration 



Copy Operation 



T 
9900 f 
will b 
operat 
to the 
the CO 
with t 
This 
In the 
"move, 
normal 
the op 
1 to r 
MOV Rl 
of reg 
Fi gure 



introduce the six principal addressing modes of the 990/ 
amily (of which the TMS 9980A is a member), the copy operation 
e considered first. This is one of the most el ementary computer 
ions. It copies from the contents of one 1 ocation (the source) 

contents of another (the destination). In this operation, 
ntents of the destination are changed to become identical 
he contents of the source, but the source is left unchanged, 
peration is similar to sending a page through a copy machine. 

TMS 9980A instruction set, this copy operation is called a 
It is stressed that the source does not move in the 

sense but remains in the same place. To illustrate, suppose 
erator desires to transfer or copy the contents of register 
egister 9. This would be written in mnemomc co^e as: 
,R9. The contents of register 1 are copied into the contents 
ister 9 with the contents of register 1 left unchanged (see 

3-1). 



Register Direct Addressing 

Register direct addressing is the first of the six principal 
addressing modes and is illustrated in Figure 3-1. With this mode, 
the contents of the register are used directly by the instruction 
operation. In mnemonic code, it is written as MOV R1,R9. Note 
that the address of the source operand is register 1. The contents 
of this register maybe any possibl e 16-bi t number. After execution 
of the instruction, the contents of regi ster 9 (the destination) will 
be the same as that in register 1 (the source). Thus, when the 
contents of a register are referred to directly, it is called reg- 
ister direct addressing. Register direct addressing is indicated 
in mnemonic code simply by referring to the register number (with 
no special character preceding i t) . Correspondi ngly , i n machi ne code 
code, there is a special field to indicate how the register is 
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to be used. This special field is explained further on. Recall 
from Chapter 1, in the TMS 9980A architecture, registers are in 
memory. Consequently, when the instruction refers to a register 
it is referring to a memory location. Each of the 16 workspace 
registers, as well as having a specific memory location, has an 
abbreviated name for the corresponding address, i.e., a register 
number. The location of these workspace registers depends upon 
the contents of the workspace pointer register (as discussed in 
Chapter 1 ) . 

Depending on the instruction, either the source operand or 
the destination operand (or both) can use regi ster direct addressing. 

3.3 INSTRUCTION SUBSET lA 



i n s t r 

ti on 

mnemo 

code 

tion 

summa 

tion 

these 

forma 

These 

but a 



As each of the instructions is presented in this book, an 
uction summary is provided in accordance with a standard instruc- 
summary format indicating: (1) the instruction name, (2) the 
nic opcode, (3) the assembly language format, (4) the machine 
format, (5) the i nstruction 1 ength , ( 6 ) the abbrevi ated i ndica- 
of the result, and (7) the status bits affected. The instruction 
ry for the Move Word instruction is presented as a model ( Instruc- 
Summary 3-1). An explanatory item is provided for each of 

parts of the format. Each part of the standard instruction 
t is keyed to an explanatory item by the number in parentheses. 

numbers in parentheses are not part of the standard format, 
re provided as a convenience to the reader. 



(1) 
(2) 

(3) 



The instruction name presents the name of the instruc- 

t i n (at upper left) . 

The mnemonic opcode presents the standard abbrevia- 

tion (assembly language opcode) forthe instruction 

(at upper right) . 

The assembly language format (CODE) presents the 

opcode and operand format for this instruction's 

implementation in assembly language. 

In the assembly language format, there are certain 
operand symbols and key words: 



S 

D 

R 

lOP 

C 

Di spl acement 

Location 



indicates general* source operand 
indicates general* destination operand 
indicates workspace register only 
indicates immediate operand 
indicates count (a value from to 15) 
indicates relative displacement (PC 
relative or CRU relative), 
indicates the target address for a jump 
instruction. 



*This means all five gener a 1 addr es s i ng modes (register direct, 
register indirect, r eg i s t er i n'd i r ec t au to i n cr erne n t , symbolic 
memory, and indexed symbolic memory). These are explained later in 
thi s secti on. 
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MOVE WORD 
(1) 


- 




{4a) 


10 


11 


12 
1 


13 
_. . 


(4b) 
14 15 16 17 18 19 
"T" 1 1 1 1 1 


MOV 
(2) 

I10111112113I14I151 
1 1 i 1 1 1 1 


CODE: MOV 


S,D 


^(D) 


COOO^g 


u 


I 
!l 


1 
!0 

Sou 


1 
!0 


1 1 1 1 1 1 
i Tr, 1 Rn 


1 1 1 1 
1 T. 1 


R. 1 


(3) 


rce 


1 
(or Destination) Memory Reefer en£e_ _J_ 


RESULT: (J 








Destination Memory 


Reference 


1 
1 


(6) 








Length: 1 or 2 or 
(5) 


3 words 






10 11 


12 13 


14 15 


16 


17 


18 


19 


110I11112I13114115I 






STATUS 
REGISTER: 


1 1 
!L>|A> 


1 1 
!EQ! 












1 
1 


- 




(7) 


















OPERATION: 


(8) 





















RI 



yv^ 



^ 



y 



N 



A L U 



COMP =(? 



•i /ALU 



R9 



The destination operand is replaced with a copy of 
the source operand (16 bits). The operand is compared 
with zero, and the L>, A>, and EQ status bits are 
affected accordingly. 

NOTES : (9) 

This MOV instruction allows the operator to move a 
16-bit word from one location to another. It permits 
moving a word from one general memory location to 
another general memory location in one insvruc».ion. 
This is one of the key aspects of the advanced archi- 
tecture of the 990/9900 computer family. 

The MOV instruction is used frequently to set up counters, to save results, and 
to initialize various items at the start of software routines. Note that it is 
called MOV, but it really is a copy instruction. 

The store and load instructions used in other computers represent a subset of 
this instruction. 



Example: 

MOV R1,R9 

before : 

(Rl) = >1234 
(R9) = >FFFE 



Machine Code : C241 

after : 

(Rl) = >1234 
(R9) = >1234 
L>=1, A>=1, EQ=0 

Instruction Summary 3-1 
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(4 



(5 



The machine code format for thi s i nstruction is in two 
forms: summarized and detail ed . 

a. The summarized format presents themachineopcode, 

b. The detail ed format presents the machine opcode 
in binary and indicates the location and contents 
of each of the related fields. In the detailed 
machine format, there are symbols used for the 
various fields (in addition to those used in 
assembly language format): 



T, 



R 



D 



T field for the source workspace register 
(indicator of which general mode of ad- 
dressing) 

Source workspace register field 
T field for the destination workspace 
register (indicator of which general mode 
of addressing) 
Destination workspace register field. 



Also the detailed format indicates the number of 
words (in machine code). Dashed lines indicate possi- 
ble words, depending on choice of addressing mode. 
If there are references to memory, then the source 
reference will precede the destination reference. 

The i nct'^ucti on 1 ength (LENGTH) specifies the 
various possible lengths (1 word for register-to- 
register addressing, 2 words for register-to-mem- 
ory addressing, and 3 words for memory-to-memory 
addressi ng) . 



(6) The abbreviated indication of resul t 
cates^ Tn "shorthand" styl e, tFe~ 
operation. 



(RESULT) indi- 
result of the 



Parentheses mean "contents of," i.e., (S) means 
contents of the source. 

(7) The status bits affected ( STATUS REGISTER)i ndicates 
which status bits are affected as a result of the 
instruction. 

The operation result is compared with zero to affect 
the L>, A>, andEQ status bits, unless the instruction 
operation description speci fical ly i ndicates other- 
wise. The C and OV status bits are affected as a 
resul t of arithmetic operations as discussed in Chap- 
ter 2, unless specifically indicated otherwise. 

(8) The instruction definition (OPERATION) verbally ex- 
plains the operation of the instruction, and, as 
appropriate, a figure showing the specific inputs, 
outputs, and control signals presents the related 
ALU operation. 

(9) The notes (NOTES) provi de appl icati on notes, ex- 
amples, typical uses, and programming hints. 
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EXAMPLE: MOV R7,R9 



MNEMONIC CODE | 


MACHINE 


CODE 








MOV R7,R9 


= 


C247 




OPCODE 


DESTINATION 
FIELD 


SOURCE 
FIELD 




1100 


Td 


Rd 


TS 


Rs 


MOV S,D 


1100 


XX 


xxxx 


XX 


XXXX 


MOV R7,R9 


1100 


00 


1001 
R9 


00 


0111 
R7 



cxxx 



C247 



FIGURE 3-2. Machine Code Format for MOV Instruction 



Machine Code Format Example 

Machine code formats must be understood to successfully use 
machine code. The machine code f or the MOV i nstruction is presented 
in Figure 3-2 as a primary example of machine code formats tor 
the TMS 998 OA instruction set. 

From Instruction Summary 3-1 and Figure 3-2, note that the 
MOV instruction has a 4-bit field for the operation code (C) and 
12 additional bits to be defined. These undefined bits can be 
subdivided into two fields: six bits for the source and six bits 
for the destination. Each of these 6-bit fields can be further 
subdivided into two fields: four bits for the register field and 
two bits for the T field. This format is common to 11 other instruc- 
tions in the TMS 9980A instruction set. The operation code appears 
in the leftmost portion of the instruction word. In the case of 
the MOV instruction, this will be a hexadecimal C or binary liuu. 
In the MOV i nstruction, the rightmost six bits are for the source. 
Of these six bits, the rightmost four bits will be the source-register 




can be used. In this example (MOV R7,R9) 



ways in which this register «^ -•■ .- ^ ^ • ia (.+ 

the source is register 7, so the 4-bit source-regi ster field (at 
the right) contains a 7 (binary 0111) . Since the register is being 
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used as register direct, its related T field is also binary 00. 
Furthermore, the destination-register field contains 9 (binary 1001) 
for register 9. Since the destination register is also used as 
register direct, its related T field is also binary 00. 

With reference to the T field, a binary 00 always indicates 
register direct addressing. This is indicated in mnemonic code 
by having no character preceding the register symbol (R7 is a pre- 
defined symbol for register 7 in this application). It is not necessary 
for the source and destination operands to use the same addressing 
mode. The options depend upon the particular instruction. One can 
see that there are at least four addressing modes based on the 
fact that the T field can take on one of four values (of which 
only one has been discussed). For the instruction expressed in 
mnemonic form (MOV R7,R9), the hexadecimal machine code is C247 
Notice that the source register in the machine code can be rea5 
easily, while the destination register cannot be read as easily 
since it is "split" between two hexadecimal digits. 

Instruction Survey 

Before introducing the other instructions to be considered 
in this chapter, it would be helpful to present a brief survey 
of the arithmetic instructions, the data manipulation instructions 
(Load, Move, Store, and Swap) and shift instructions. (See Figures 
3-3 and 3-4. ) ^ 

There are arithmetic instructions to add and subtract both 
word and byte values. Also, there are multiply and divide instructions 
(both in microcode). Furthermore, there are some other arithmetic 
instructions to perform special arithmetic operations. 

With regard to data manipulation instructions, either word or 
byte values can be moved. Shift instructions provide for shifting 
bits to the left and right within registers. 

Detailed Description of Instructions 

The ADD WORDS Instruction . The word instruction for add can 
^6 J^emembered easily because it is simply represented by the mnemonic 
code. A, as shown in Instruction Summary 3-2. Both source and 
destination have general addressing capabilities. To produce the 
machine code for the instruction A R3 ,R4 , the bit pattern is composed 
from right-to-left as follows. The source register field is 3 
(binary 0011) and its related T-field for regi ster di rect is binary 
00. Further, the destination register field is 4 (binary 0100) 
and its related T-field for register direct is biaary 00. The operation 
code (the next four bits) is a hexadecimal A (binary 1010). Thus 
the machine code for this instruction is 1010 00 0100 00 OOllI 
or >A103. To verify the A R3,R4 instruction, the reader can enter 
the following sequence of machine codes as a machi ne 1 anguage proqram 
starting at location >380. a a k y a 
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Location 



Code 



Mnemonics 



380 
382 
384 
386 



02E0 
0300 
A103 
0340 



LWPI >0300 

A R3,R4 
IDLE 



Initialize registers 3 and 4 by entering the number 2 in memory 
and the number 3 in memory location >308. Execute 
at location >380, and inspect the result at 
It should contains (3 + 2 = 5). 



location >306 

the program starting 

memory location >308 (register4). 



The SUBTRACT WORDS Instruction. The subtract 



instruction is 
another instruction that performs "arithmetic operations on 16-bit 
numbers, as shown in Instruction Summary 3-3. The reader should 
note carefully which number is subtracted from which. Of course, 
in the addition operationthe order does not matter. In subtraction, 
the source is subtracted from the destination, and the resul t repl aces 
the destination. 



To illustrate, the instruction S R3,R4 is used, 
can enter the following sequence of machine codes as 
language program starting at location >380. 



The reader 
a machine- 



Locati on 


380: 


382 




384 




386 





Code 

02E0 
0300 
6103 
0340 



Mnemoni c 

LWPI >0300 

S R3,R4 
IDLE 



3 and 4 



i ni ti al ize regi sters 



by 



To perform this example program^ 

entering a number such as 2 in memory , . r- 

and a number such as 3 in memory 1 ocati on >308 (regi ster 4) . Execute 

the program starting at location >380. Inspect the resul t at memory 

location >308 (register 4); it should contain 1 (3-2-1). 



3.4 JUMP ADDRESSING AND RELATED INSTRUCTIONS 

It is unl ikely that a program will be written in assembly 1 ang- 
uage which will not contain a jump instruction. Thus, it is very 
important for the operator to understand how jump instructions work. 
There are 13 different jump i nstructi ons , but the addressing scheme 
for each is exactly the same. Jump addressing allows the program 
to change the program counter within a range of +127 to -128 words 
(or +254 to -256 bytes). In brief, the program counter can shift 
its contents by a certain "reach" with each jump instruction. This 
is called "VelVti^ve^addressing" since the destination is not absolute 
but is relative to the jump instruction's location. 
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ARITHMETIC INSTRUCTIONS 



WORDS 



ADD 



( 



A 
AI 



BYTES AB 



WORDS 



SUBTRACT 



;YTES SB 



MULTIPLY 



S,D 
R,IOP 

S,D 

S,D 

S,D 



MPY S,R 



DIVIDE DIV S,R 

INCREMENT BY ONE inc S 

INCREMENT BY TWO INCT S 

DECREMENT BY ONE DEC S 

DECREMENT BY TWO DECT S 

ABSOLUTE VALUE ABS S 

CHANGE SIGN nEG S 

NOTE: 



(AOOO) 
(0220) 

(BOOO) 

(6000) 

(7000) 

(3800) 

(3C00) 

(0580) 
(05C0) 

(0600) 
(0640) 

(0740) 

(0500) 



S indicates any general source (register or memory) 

D indicates any general destination (register or memory) 

R indicates any workspace register 

lOP indicates an immediate operand 

C indicates count 



Figure 3-3 Survey of Arithmetic Instructions 
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DATA MANIPULATION INSTRUCTIONS 
(LOAD, MOVE, STORE, & SWAP) 



LOAD 



MOVE 



^TORF 



REGISTER - - LI R,IOP 

WP (REG) LWPI lOP 

INT MASK -- LIMI lOP 



fWORD 



MOV S,D 



I 



BYTE - MOVB S,D 



ST (REG) STST R 

STWP R 



r 

LWP (REG) 



(0200) 
(02E0) 
(0300) 

(COOO) 

(DOOO) 

(02C0) 
(02A0) 



SWAP BYTES 



SWPB S 



(06C0) 



SHIFT INSTRUCTIONS 



SHIFT LEFT ARITHMETIC 



SHIFT RIGHT 



SLA R,C 



ARITHMETIC SRA R,C 

LOGICAL --- SRL R,C 

CIRCULAR SRC R,C 



(OAOO) 

(0800) 
(0900) 
(OBOO) 



Figure 3-4. Survey of Data Manipulation and Shift Instructions 
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ADD WORDS 




10 II 12 13 14 15 16 17 18 |9 11011111211311411^1 
I Source_(or_Desti nati on^ Memory Reference | 

I r 

^^^ J £eit j^n^t joji MeniO£y_R e fe r en£e | 

Length : 1 or 2 or 3 words 



[0 jl 12 13 14 15 16 17 18 19 |10|11 |12I13I14 I15I 



STATUS 
REGISTER : |L>|A>|EQ|C lOVl 



OPERATION : 

The source operand Is added to the destination operand 
and the resulting sum replaces the destination operand. 
The 16-bit result is compared with zero, and the L> 
A> and EQ status bits are correspondingly affected. The 
addition operation causes the C and OV bits to be af- 
fected. 

NOTES: 




CY,OV, 



A I U C„ = 

k J— COMP -- 



The ADD instruction is used to take the sum of two 

16-bit numbers. This instruction will be used quite frequently when arithmPtir 
operations are involved. Take note that the source Xand is added to t^^ 
destination operand and the destination operand is changed For exan^le as 
sume that register 3 contains a number which is to be add^d to the Sber I'n 
register, so that the result will belocated in register. Register 3^ssaS 
to be the source, and register 4 to be the destination. Write the mnlmonc 
instruction A R3,R4 to produce the desired result. The format for the macMn^ 
code IS the same as that discussed under the MOV instruct?oT{see Fi-gure 3-2) 



Example: 
A R9,R11 
before : 
(R9) = >2468 
(Rll) = >1234 



Machine Code : A2C9 
after : 

(R9) = >2468 
(Rll) = >369C 
L>=1. A>=1, EQ=0, C=0, 0V=0 

Instruction Summary 3-2 
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SUBTRACT WORDS 



CODE: S S,D 



RESULT: (D) - (S) 



10 U 12 1 3 14 15 16 17 18 |9 |10|11 112|13114|15| 
1 1 1 I I I I I I I I I I I 1 I 



6000^5 10 11 U 10 1 Tp 1 Rp 1 Tq 1 



R( 



1 Source (orJ)e^stin^atio^n_)_ Memc_ry_Ref£re^nce_ ! 
_j — j- 

D) I _ _ j)(esti£ationJ^emo^ry R^e£ejrence \_ 

Length: 1 or 2 or 3 words 



10 II 12 13 14 15 16 17 18 19 110111112113114115 
STATUS 1 I I I 1 \ 
REGISTER: |L>1A>1EQ1C lOVl , 



OPERATION : 

The source operand is subtracted from the destination 
operand and the result replaces the destination oper- 
and. The 16-bit result is compared with zero, and 
theL>, A> and EQ status bits are correspondingly af- 
p.-j I TU-, ^..k4-y«-.^H--;r>n /M-vQva+i nn al en raij^p^ the C 

TCCteu. 1 ne suu uPav, 1. 1 vii v/fy>_i w V I w.. «.-~ s - 

and OV status bits to be affected. 
NOTES: 




CY.OV, 



AW 



The SUBTRACT i nstructi on i s used to take the di f f erence 

of two 16-bit numbers. This instruction will be used quite frequently when 
arithmetic operations are involved. Take note that the source operand is 
c;,ihtracted from the destination operand and the destination operand is changed.^ 
For example, say that register 5 contains a number which is to oe suoxracLea 
from the number in register 6. Register 5 is said to be the source ?"<* ':egis- 
ter 6 to be the destination. Write the mnemonic instruction S Kb, Kb to proauce 
the desired result. The format for the machine code is the same as that discussed 
under the MOV instruction. 



Example: 
S R5,R6 
before: 
{R5) = >1234 
(R6) = >369C 



Machine Code : 6185 
after : 
{R5)=>1234 
(R6)=>2468 
L>=1, A>=1, C=l, 0V=0, EQ=0 



Instruction Summary 3-3 
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ABSOLUTE VALUE 



ABS 



CODE: ABS S 



II 12 13 4 15 16 17 18 |9 llOIll |12|13|14|15 

I I I I I I I I I I I I I I I 
0740^5 10 10 10 10 10 II II II 10 |l | Tc I R^ 



RESULT: |(S)| 



(S) 



_So£r£e_Memor^ R^ejf ej^enc e 
Length : 1 or 2 words 



STATUS 10 II 12 13 14 |5 |6 |7 |8 |9 |10|11 |12|13 |14|15I 
REGISTER : 1 1 | j 1 — | — ' — ' -—^ — - ' 

|L>|A>|EQ| lOVl 



OPERATION : 

Compute the absolute value of the source operand and 
replace it with this result. In other words, if the 
source operand is negative, replace itwith its cor- 
responding 2's complement; if positive, leave un- 
changed. The original source operand is compared with 
zero, and the L>, A>, and EQ status bits are cor- 
respondingly affected. If the result is >8000, the 
overflow bit will be set to ONE. 




NOTES : 

The ABS instruction allows the operator to be sure that a number is positive. 
If a number is already positive, it will remain unchanged. If a number is 
negative, the CPU will attempt to make it a corresponding positive number. 
For example, a minus 2 will become a plus 2. There is one negative number 
which does not have a positive counterpart, namely >8000. If the absolute value 
instruction is attempted on >8000, the number is unchanged, but the overflow 
status bit is set to ONE. 

Experiment with the following program to take the absolute value of the contents 



Location Machine Code 



380 
382 
384 



0760 
0300 
0340 



Mnemonic Instruction 

ABS @>300 

<stop> 



Instruction Summary 3-4 
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LOC 




300: 


*PC (BEFORE): 


302: 




304: 




306: 


PC (AFTER): 


308: 



MACHINE CODE 

1003 THIS JMP INSTRUCTION 

■ CAUSES AN UNCONDITIONAL 
JUMP OF 3 WORDS TO >308, 



*NOTE- WHILE EXECUTING THE INSTRUCTION AT >300, 
THE PROGRAM COUNTER IS INCREMENTED TO >302. 



Figure 3-5. Jump Addressing Illustration 



Machine Code Format 



and its di s- 



Each jump instruction requires one 16-bit word, 
placement (or reach) is a signed 8-bit field. The contents of this 
8-bit field will cause the program counter to be incrementec^ -^^ 
the amount of the machine code displacement 



decremented by 
words). For example, in Figu 
to cause the PC to increment 
1 ocati 



T ^ t; + ho 

three words 



or 
i n 
instruction is shown 
(or six bytes) from 



on >302 (the next instruction) to location >308. If the dis- 
placement were zero, the program counter would simply point to 
the next instruction since thePC is always automatically incremented 
to point to the next instruction. In effect, an unconditional jump 



instruction with 
struction. 



a zero 



displacement is a NO 0£eration (NOP) in- 



Assembly Code Format 

Assembly code for jump i nstructi ons has two formats. The first 
of these is to "jump to" a location indicated by an absolute address, 
such as >0388. or by a label such as a Y (e.g 
JMP Y). 



>0388, or by 
Obviously, the jump 



JMP >0388 or 
instruction's target location must 



be within the reach of the i nstructi on. Thi s format has the advantage 
that the programmer does not have to count the number of words 
of displacement. This counting task is handled by the assembler. 

The second format is still a jump to a location, but it is 
a jump to the current location plus or minus a di spl acement. However 
the displacement in the machine code format and the disp acement 
in the assembly code format are not the same. This will be claritied 
with an example. 

Referring to Figure 3-6, assume that a jump 



i nstructi on i s 



located at >0380 and a jump to 1 ocation >0388 is desired. If location 
>0388 had a label of Y associated with it, one could write JMP Y 
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LC 



8 BYTES 





MNEMONIC 


LOG 

380 
382 


CODE 

JMP >0388 


384 




386 




388 





MACHINE 
CODE 



JMP $+8 1003^ 

PC 



3 WORDS 



LC -- LOCATION COUNTER 



PC -- PROGRAM COUNTER 



Figure 3-6. Comparison of Jump Addressing Formats 




It can be seen further 
counter starting at location 
>384, by two words to >386, 
machine code displacement is 
Figure 3-6 that the location 
the program counter differ 



from Figure 3-6 that the program 

>382, increments by one word to 

and by three words to >388. The 

therefore three words. Note in 

counter for this instruction and 

by one word (or two bytes). Note 




^^^^ -. op. a^c.nc.L uiviaea oy two minus one word equal s three words 
of machine code di spl acement (8/2 -1=3). In other words Loca- 
tion Counter + assembly code displacement (in bytes'' Program 
Counter + 2 times machine code displacement (in words) "^^^^ram 



and 



) 

Most programmers prefer not to have to count these bytes 
words. Assuming that an assembler is available (Is it is 
n be Pd?n''.'/''?^* .''^ programmer can always wr te a jump o 
a labeled 1 ocation (such as JMP Y . But one should sti 1 1 understand 
the machine code format of the -• -~ • ' • =*" " ' ""^erstand 
patch a program. 



jump instruction to be able to 
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Survey of Jump Instructions 

As was mentioned, there are 13 different jump instructions. 
One the JMP instruction, is unconditional, which means that the 
jump will be executed regardless of the condition of the status 



^ 12 jump instructions require 

the'cPu'to test the 'condition of one or more status bits. The 
CPU will then execute the jump if the specified condi tionjs met. 



Otherwise, it will simply step to the next instruction. There are 
six status bits tested by the 12 conditional jump instructions. 
These statusbits are: logical greater than {L>) , arithmetic greater 
than (A>), equal (EQ), carry (C), overf 1 ow (OV) , and odd pari ty (OP) . 
The 13 jump instructions are listed and categorized in Table 6-<L. 



NOTE- The length of the jump is a signed displacement 
in words maintained in the eight least-significant bits 
of the machine code. When a jump i s to occur, this signed 
displacement is translated into bytes and added to the 
program counter value (in bytes) in order to determine 
the address of the next instruction. This displacement 
range or "reach" of the instruction, is from -128 to 
+127 words (-256 to +254 bytes) from the program counter 
as it points to the next instruction following the jump. 



It is obvious from Table 3-2 that there are many kinds of 
jump instructions. This table summarizes the 13 jump instructions 
and categorizes them by the status bits that are examined by each 
instruction. The only means by which the statusbits can be tested 
directly, is with these i nstructtons. Notice that each i nstruction 
has its machine code in parentheses beside it. The two leftmost 
hexadecimal digits are the 8-bit machine opcode for the instruct on 

. .. :!_uj. i. nr\f\» AinA^c a^Q y»OC<sr\/Pn TOr t.he O-Dlt QIS- 

ana tne xwo rignumubu ww uiy. ^^ „,...-->.. — - „^^^ 

placement field. Each of these instructions is covered in more 
detail in this and subsequent chapters. 

Regarding the 13 jump instructions listed in Table 3-2, note 
that some cause a jump to occur upon the condition of a single 
status-register bit. In other cases , a jump occurs upon a combination 
of status-register bits. Furthermore, note that there are certain 
jump conditions which may occasionally be desired for which jump 
instructions do not exist. These jump instructions can be derived 
by a combination of two or three existing jump instructions. 

Detailed descriptions of the Unconditional Jump (JMP) and the 
Jump if Greater Than instructions are given i n Instruction Summaries 
3-5 and 3-6 . 

3.5 PROGRAMMING EXAMPLE 

At this juncture, sufficient background has been presented 
to write the program code based on the programming idea indicated 
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Table 3-2. Jump Instructions Survey 



LOGICAL CONDITIONS 
Low - JL 

Low or Equal - JLE 
High - JH 

High or Equal - JHE 



(L> & 1 


EQ) 


CARRY CONDITIONS 


(C) 


(lAOO) 




Carry - JOC 


(1800) 


(1200) 




No Carry - JNC 


(1700) 


(IBOO) 








(1400) 









ARITHMETIC CONDITIONS (A> & EQ) 



OVERFLOW CONDITIONS (OV) 



Less Than - JLT (1100) 
Greater Than - JGT (1500) 



No Overflow - JNO (1900) 



EQUAL CONDITIONS 



(EQ) 



PARITY CONDITIONS (OP) 



Equal - JEQ (1300) 
Not Equal - JNE (1600) 



Odd Parity - JOP (ICOO) 



UNCONDITIONAL JUMP 



J MP 



1000) 



NOTES : 

1. Logical values do not have a sign bit. 

2. Arithmetic values have a sign bit. 

3. Odd parity occurs in byte operations with byte values having 
an odd number of ones. 
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UNCONDITIONAL JUMP 



JMP 



I 01 II 21 31 41 51 61 71 81 9|10|11112|13|14115| 

I I I I I I 1 I i I I I I I I I I 

CODE : JMP Location lOOOig 1 01 0| 01 H 01 01 0| 01 D isplacement (words) I 

Length : 1 word 
RESULT : (PC) + (Displacement in bytes) — ► (PC) 

1 01 U 21 31 41 51 61 71 81 91101111121131141151 
Not Affected 1 



STATUS 
REGISTER: 



JMP WSTR 



OPERATION : 

Add the signed displacement in bytes of the machine 
code instruction to the contents of the PC and place 
the sum into the contents of the PC. 

NOTES : 

The JMP instruction is used any time one wants to do 
a short-range unconditional jump. The following ex- 
ample illustrates two mnemonic instruction formats for 
the same instruction. 




Example: 

Location 
>200: 



Mnemonic 
Instruction 

JMP Y 



Al ternate 

Mnemonic 

Instruction 

JMP $+6 



Machine Code 



1002 



>206: Y 

Maximum Reach Backward 



Maximum Reach Forward 



Loc 
202 

300 



Mnemonic 
Code 



T 



JMP $-254 



Machine 
Code 



1080 



Loc 
300 

400 



Mnemonic 
Code 

JMP $+256 



Machine 
Code 

107F 



1 



,«. » ,..,. ,. .<,r„». ..: (W ■ !»»;«< JC ...jU J j-Cj Jg; ^g- 



Instruction Summary 3-5 
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JUMP IF GREATER THAN 



JGT 



CODE: JGT Location 



I 01 II 21 31 41 51 61 71 81 9|10I1H12|13|14| 15 
I I I I n I II I I I I I I I 
150016 I 01 01 01 1! 01 II 01 II Displacement (words) 



RESULT: If A > = 1, (PC) + Displacement in bytes 
If A > = 0, (PC) unchanged 




STATUS 
REGISTER: 



01 II 21 31 41 51 61 71 81 9|10|11 |12113I14I15I 



Not Affected 



OPERATION : 

If the A> status bit 
displacement in bytes 
tion) to the contents 
into the PC; otherwise, 

NOTES: 



JGT WSTR 
VJSP 



is set to ONE, add the signed 
(of the machine-code instruc- 
of the PC and place the sum 
leave the PC unchanged. 




The JGT instruction is a conditional jump instruction 
which will be used quite frequently since it facili- 
tates the implementation of a program loop. 

This instruction tests the A> status bit. It can be used to determine whether 
a previous result is both positive and nonzero. It is quite useful in certain 
applications. For example, it provides a means of going through a loSp a cer- 
tain number of times. One could seta register to a specific value such as +10 
then count down toward zero by ones and test the result each time until it is 
not greater than zero. This test is accomplished immediately following the 

Recalfth^; thT 'k: '°?^ ''''^'' '^ ''''^ ' ^» '' greater tLn YnsTructio ! 
Recall that the subtraction operation will caU^hT status bi tTto be affected. 

An 



example of its use in a program loop: 



LI 
LI 



LP 



Rl,l 
R9,8 



S R1,R9 
JGT LP 



PUT THE VALUE 1 IN Rl 

LOAD R9 WITH THE VALUE 8 

*loop: 

*loop 

*operation 

*block 

SUBTRACT 1 FROM R9 
JUMP TO LP IF LOOP COUNTER >0 



(Set loop counter) 
(Perform loop operation) 



(Decrement loop counter by one) 
(Continue loop if counter +, 



Instruction Summary 3-6 
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earlier. Recall that the programrmng 
function (FTN) indicated by the equation: 



idea was to implement the 



F(N1,N 



2) = [4 (Nl - N2)]2 



Program Specification 

It is important to have a programmi ng speci fication which states 
precisely the programming objectives . The program specification for 
this function could be stated as: 

Calculate the function: F(N1 ,N2) = [4( N1-N2) ]2 , where Nl 
and N2 are two signed 16-bit integers. Assume that the 
values for these integers will not produce an overflow. 
Place all initial values as required in workspace regi s- 
ters before the program is executed. Develop the program 
using as few instructions as possible wi thout concern for 
error conditions. Provide the results of the function 
calculation in register (RO). 



A 
produc 
achiev 
is c a 1 
from w 
uage p 
to ind 
tests, 
two ex 



Flowchart and Algorithm 

ssuminq one understands the function, the next step is to 

e a logical and sequenticii re^r c^cn i,au . v.. ^. «..„ ^c"lu- 

e the desired result for this program. One form of this 
led a flowchart. It is a higher level graphical representation 
hich an operator can almost directly produce an assembly 1 ang- 
rogram. In a flowchart, rectangles containing words are used 
icate specific operations, and diamonds to indicate conditional 
These conditional tests have one entry point and at least 
its to indicate yes and no answers to the tests. Flowcharts 
J,- 4.^^ unnc fa^v-r.wc'i tn indicate the flow of the operation. 

Prior to constructing the flowchart, the programmer should have 
in mind an approach for'what must be accompl i shed to imp erne t 
this programming idea. One approach, for example, is to simply 
take the difference of the two numbers which are^in registers, 
multiply the result by four, and then take the result and Jiultiply 
it times itself. One might ask how multiplication is to be done, 
since the multiply instruction has not been discussed yet. To^accom- 
plish multiplication by four, a number can be added accumu atively 
to itself four times. In the case of the second multiplication 
(or squaring), the number could be added to itself an appropriate 
number of times. For example, if the number to be squared is 
12 12 added accumul atively to itself 12 times is 144. This approach 
is'an algorithm (method of attack) for this program. 

At this point, the programming idea and program specification 
can be implemented in flowchart form. The program flowchart given 
in Figure 3-7 is oriented generically and independent of the in- 
struction set to be used. 
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C START ) 

IT. 



Form Difference 
(Nl - N2) 



Form Absolute 
Value of Diff. 
INI - N2| 



I 



Multiply INI - N2| 
by 4 



I 



Setup Loop Counter 
for Squaring Oper. 



Add 4 I Diff. I to 
Result Accum. 



I 



Decrement Loop 
Counter by 1 




HALT 



INITIAL CONDITIONS : 
(prior to prog, exec.) 

(WP) = >300 (PC) = >320 

(RO) = 

(Rl) = Nl 

(R2) = N2 

(R3) = 1 

{R4) = Scratch 

(R5) = Scratch 

OUTPUT RESULTS : 
(RO) = Result 



Figure 3-7. FTNl Program Flowchart 
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Observe that certain initial conditions are assumed (see 
upper right-hand portion of Figure 3-8), Values for Nl and N2 
must be assigned. Also, the result accumulator is initialized 
to zero. Two scratch registers are required to maintain intermediate 
program values and to preserve input data. 



The fir 



St program step is to form the difference {N1-N2). 
rFoaram step is to take the absolute value of this 



The second program step 

difference. Since the result of a squaring operation is positive 
and this difference may be negative, taking an absolute value at 
this point ensures a positive result at program completion. The 
third program step is to multiply by four. This is done by 
adding the number to itself and then adding that result to itself. 
The fourth program step is to set up a loop counter equal to 
the result of four times the difference. The fifth program step 
is to add this result into the result accumulator and decrement 
the loop counter until the loop counter is zero. When thi s occurs, 
the program halts with a jump instruction to itself. 

Figure 3-8 is a code sheet showing the resulting mnemonic 
code program with the corresponding machine code. 

The reader can try hand-assembling this program and compare 
the resulting machine code with that shown in Figure 3-8. Then 
the machine code along with the initial conditions (indicated in 

r-._ -i -I \ u« ^^-t- ^w^nA anH -hho nvAnram pyprilt.pH- SuOOested 

values for Nl and N2 are 5 and 3. The result found in RO should 
be >0040 (64^0) . 

Considering this program's implementation, it is important 
to observe the initial conditions. The initial MOV instruction 
was done to allow preservation of the initial value of Nl. If 
the programmer desired to shorten the program and use fewer reg- 
ic + orc hp rnuld del ete the f i r s t i n struc ti on and could substitute 
Rl^for' R4 and R2 for R5. Further, as additional instructions 
are introduced, more elegant implementations can be considered. 

Note that in the process of producing this program, the fol 1 ow- 
ing steps were used: programming idea, program specif ication ( i n- 
cluding related algorithm), program chart (e.g., a flowchart), 
and program encoding. 

3.6 COMPUTER SYSTEM CONCEPTS REVISITED 

As discussed in Chapter 1, a computer system can be viewed 
as having three major parts: processor (or CPU) , memory, and input/ 
output (devices). 

The processor acts as the central administrator and executes 
the program. The memory stores the program as well as providing 
data storage and buffering. Program memory may or may not be 
changeable during program execution. 
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FTNl PROGRAM: F(N1,N2)=(4*(N1-N2) )^ 

MNEMONIC CODE COMMENT LOC CODE 

ST MOV R1.R4 MOVE Nl TO R4 (TEMP.) 0320 ClOl 

S R2,R4 FORM DIFF: Nl - N2 IN R4 Q322 6102 

ABS R4 FORM ABS VALUE OF DIFF 0324 0744 

A R4,R4 ^MULTIPLY [DIFFERENCE | 0326 A104 

A R4,R4 *BL4 0328 A104 

MOV R4»R5 SET UP LOOP COUNTER IN R5 032A C144 



LP A R4,R0 ADD 4|DIFF| TO RESULT ACCUM 032C A004 

S R3,R5 DECREMENT LOOP COUNTER BY 1 032E 6143 

J^^ LP IF THE LOOP COUNTER >0, JUMP 0330 15FD 

HL vJMP HL OTHERWISE, HALT 0332 lOFF 



INITIAL CONDITIONS : OUTPUT RESULTS ; 

(WP) = >300 (Rl) = Nl (RO) = RESULT 

(PC) = >320 (R2) = N2 
(RO) = (R3) = 1 

(R4) & (R5) = SCRATCH 



Figure 3-8. FTNl Program: Mnemonic and Machine Code 
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The input/output provides contact with the external "world 
to receive and transmit information. Some examples of input/output 
devices are a printer, a keyboard, a visual display, a motor, and 
a magnetic-tape drive. A computer system without i nput/output would 
not provide any usable results. 

The key concept behind a computer system is that of a stored 
program. The processor performs under control of instructions stores 
in memory. Its performance can be altered by changing these in 
structions without rewiring the hardware. Furthermore, these in- 
structions can be permanently stored in a type of memory which 
will not lose information when power is removed. 

In connection with the stored-program concept , there are three 
terms which need to be defined: hardware, software, and firmware. 
Hardware can be defined simply as those items which can be seen 
and touched such as printers, computer boards , IC chi ps , transi stors , 
wire, chassis, visual displays, and other components. 

Software refers to the program or sequence of instructions 
written to cause the computer system to perform some function. 
It is called "soft"-ware because typically it can be considered 
as a separate entity from the hardware, and it cannot be directly 
seen or touched when stored in the machine. It can be changed 
easily (thus the "soft" reference), and may even be lost, as when 

power IS removed frum ceruainujfpca u. »v/iui,..v, ^ ^^. ^^^^ ".'V. 

ware is a concept which fits in between hardware and software. 
One definition of the term "firmware" is computer program instruc- 
tions stored in memory such that they will remain unchanged during 
execution and will be retai ned when power is removed. Thi s general ly 
means the program is stored in ROM (as opposed to RAM); thus it is 
"firm"-ware. Firmware cannot be changed as easily as software. 

One should recognize that the boundaries between these terms 
are not" a'^iwaVs" clearly observed. Sometimes firmware is included 
with hardware; sometimes it is even loosely referred to as software. 
Sometimes firmware is specif ical ly used to refer to microprogram code. 
Sometimes, and definitely incorrectly, programming of microcomputers 
is referred to as microprogramming. 

3.7 REGISTER ADDRESSING MODES 

Register direct addressing, explained in section3-2, accesses 
the contents in the register or registers specified. One example 
is MOV Rl R2 where the contents within register 1 is placed into 
register 2. There are two other types of register addressing used 
within this instruction set: 

° Register indirect 

"* Register indirect autoi ncrement 

In the first of these, register indirect address i ng, the contents 
of the register are not used as an operand; instead, the contents 
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MNEMONIC CODE 



MOV R12,*R8 



MEMORY 



MEMORY r 
POINTER 



RO 
R8 
R12 

256 



BEFORE 


AFTER 




C60C 


C60C 


) 


• 
• 
• 


• 
• 
• 








• 
• 
• 


• 
• 
• 




0256 


0266 




• 
• 
• 


• 
• 
• 




2345 


2345 






• 
• 
• 


• 
• 
• 





2345 









MACHINE CODE^ 



(UNCHANGED) 

DATA 
TRANSFER 

(CHANGED) 



■•"CeOC: 1100 01 1000 00 1100 



Figure 3-9. Register Indirect Addressing Illustration 

of the register are used as a pointer to the operand (in memory). 
This type of addressing can be used for either a source Or a des- 
tination operand, or both. 

To illustrate its use i n connection with a desti nation operand, 
consider a postman coming to a house to deliver a package. The 
house corresponds to a register and the package to an operand. 
In illustrating register direct addressing, the postman simply de- 
livers the package to the house. In contrast, to illustrate register 
indirect addressing, the postman looks in the mailbox and finds 
a card which says, for exampl e, "Del i ver the package to 1234 Maple." 
In the case of register indirect addressing, the contents of the 
register, as with the card, points to the desired destination. 

A more specific example is depicted in Figure 3-9. One may 
wish to move a number from register 12 to the memory 1 ocation pointed 
toby the contents of registers. If register 12 contains the number 
>2345 and register 8 contains the number > 0256, then the CPU transfers 
the number >2345 from register 12, not to register 8, but to the 
memory location >0256 pointed to by the contents of R8. This in- 
struction is written in mnemonic code as: MOV Ri2,*R8. Note that 
with the destination operand there is an asterisk prefix. This pre- 
fixed asterisk indicates that the register is to be used as register 
indirect (memory poi nter) , rather than as regi ster direct . In machine 
code, this asterisk corresponds to aT field of binary 01. To trans- 
late into machine code the mneumonic instructions MOV R12,*R8, one 
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MNEMONIC CODE 



MOV R12,*R8+ 



MEMORY 



MEMORY r 
MTFTER 



RO 
~ R8 
R12 

-► 256 
■^CEOC: 1100 11 1000 00 1100 



BEFORE 


AFTER 


CEOC 


CEOC 


• 
• 
• 


• 
• 
• 






• 
• 
• 


• 
• 
• 


0256 


0258 


• 
• 
• 


• 
• 
• 


2345 


2345 


• 
• 
• 


• 
• 
• 


___- 


2345 







) MACHINE CODE"^ 



AUTOINCREMENTED) 



(UNCHANGED 

DATA 
TRAFSFER 

(CHANGED) 



Figure 3-10. REGISTER INDIRECT ( Autoi ncrement ) Addressing 
n 1 ustration 

would, going from left to right (see Figure 3-9), use a binary 
1100 (>C) for the operation code field, then a binary 01 (register 
indirect) for the destination T field, a binary 1000 (R8) for the 
destination register field, a binary 00 (register direct) for the 
source T field, and, finally, a binary 1100 (R12) for the source- 
register field. Altogether, the machine code in hexadecimal is 
C60C . 

The other type of register indirect addressing is called register 
indirect autoincrement. Notice that the name of this third type 
of regi ster addressi ng i s very similar to register indi rect address- 
ing, but has the additional feature of being autoincrement. To observe 
the one item of difference, consider the previous example with reg- 
ister indirect autoincrement. It is written in mnemonic code as: 
MOV R12,*R8+. The " + " suffix indicates autoincrement and appl ies only 
to register indirect. Fi gure 3-10 i 1 1 ustrates thi s addressing mode. 

Using the same numbers again one can see that the number >2345 
will move from register 12 to memory location >0256 pointed to by 
the contents of register 8. Up to this point, it is exactly the 
same as register indirect addressing, but there is one more step, 
the autoincrement feature. After using R8 as a pointer, the CPU 
automatically increments the contents of the specified register. 
In this case, R8 is incremented by 2, i.e., from >0256 to >0258, 
and now points to the next word in memory. The CPU increments by 
2 because it is a word instruction, i.e., it operates upon 16 bits. 



135 



MNEMONIC CODE 



LI RIO, 7 



020A: 000000100000 1010 





MEM 
BEFORE 


R Y 
AFTER 








020A 


020A 


\ MACHINE"^ 1 




0007 


0007 




/ CODE 

DATA 
TRANSFER 

(CHANGED) 








• 
• 
• 


• 
• 
• 


RIO 





0007 


1010 


1 







Figure 3-11. Immediate Addressing Illustration 



On a similar instruction of the byte type, the autoincrement i s by 1. 
This type of incrementing allows the programmer to index automatical ly 
through byte-oriented tables with byte instructions and through 
word-oriented tables with word instructions. 



Note in Figure 3 
autoincrement contains 



10 that the 
binary 11. 



T field for register indirect 



Thus, there are three types of register addressing. For in- 
structions where there is a choice of general source or destination 
addressing, register direct addressing is indicated by a T field 
of binary 00, register indirect by a T field of binary 01 and 
register Indirect autoincrement by a T field of binary 11 (see 
Tabl e 3-3) . 



3.8 IMMEDIATE ADDRESSING 



Another type of addressing is called immediate . With it, 
the numerical constant (operand) to be used by the instruction is 
located within the instruction. If the programmer desires to load 
the constant, 7, immediately into regi ster 10, then he writes a load 
immediate instruction as LI RIO, 7. With this instruction, the 
first word of the machine code indicates the operation of load 
immediate into register 10. The immediate operand, 7, is in the 
second instruction word. The operation is portrayed in Figure 3-11. 



Note that register 10 is 
bits of the first machine 
operand (7) is the second 
The immediate operand for 
any 16-bit number (signed 
copy function except with 
this case is done from a 



indicated by the >A in the right four 

code instruction word and the immediate 

16-bit machine code instruction word. 

the load immediate instruction can be 

or unsigned). This is the same as a 

immediate addressing. The copying in 

word in the instruction to a register. 



136 



MNEMONIC CODE 

MOV @>38O,0>3OO 

MEMORY 
POINTERS 



MEMORY 





BEFORE 


AFTER 




C820 


C820 




0380 


0380 


1 


0300 


0300 




• 
• 
• 


• 
• 
• 


L— ► 300 





2345 




• 
• 
• 


• 
• 
• 


.— -^ 380 


2345 


2345 









^ 


MACHINE 


CODE 


J 





CHANGED) 

DATA 
TRANSFER 

UNCHANGED) 



+C820: 1100 10 0000 10 0000 



Figure 3-12. Memory Symbolic Addressing Illustration 

3.9 SYMBOLIC MEMORY AND INDEXED ADDRESSING 

There are two additional subcategories of addressing which 
need to be menti oned, both of which come under the general category 
of memory addressing: 

° Symbolic memory (not indexed) 
° Symbolic memory indexed 

With symbolic memory addressing, one can, for example, move an 
operand from one general memory location to another with one 
instruction. To move a number from memory location >0380 to 
memory location >0300, simply wri te MOV §>0380 ,(a>0300 (note Figure 
3-12). In mnemonic code, the "@" symbol is used to explicitly 
indicate memory addressing, thus clearly distinguishing between 
a memory address value and a register value. 

If the programmer had attempted to write register >0380 as 
part of an instruction, it would have been an error because the 
register numbers go only from to 15. Note that there is a 
register number 10 as well as a memory location 10, so that the 
following operands refer to different types of addressing: 

10 
*10 
*10 + 
010 
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In particular, the first of these items indicates that the 
operand is contained in register 10 (mnemonic code defaults to 
decimal). The second item (register indirect) indicates that the 
operand is located in a memory location pointed to by the contents 
of register 10. The third item is the same as the second except 
that the contents of RIO are automatically incremented during in- 
struction execution. The fourth and last item (symbolic memory) 
indicates that the operand is located at memory 
there is an option as to which type of general 
be used, the T-field code, summarized in Table 
the CPU which is to be used. 



location 10. When 

addressing is to 

3-3, indicates to 



Table 3-3 

Addressing Mode 

Register direct 
Register indirect 
Memory 

Register indirect 
autoincrement 



T- Field Indicators 

T F i e 1 d Mnemonic Equiv 



00 


RX 


01 


*RX 


10 


G>LOC 


11 


*RX + 



The second subcategory of symbolic memory addressing is called 
symbolic memory indexed addressing. In this addressing mode, the 
symbolic memory address can be modified by adding to it the value 
in a designated register. In assembly language, the register is 
specified in parentheses fol 1 owing the symbolic memory address: 

MOV @>380(R8),@>300 

In this case, a word will be moved into memory address >0300 from 
an effective memory address calculated by adding the contents of 
register 8 to the value >380. 

For this instruction the concern is for the contents of the 
effective source address. The effective source address in this 
case is the number >0380 plus the contents of register 8. Thus, 
the instruction is pointing to a table starting at >0380 offset 
by the number contained in register8 (the related index register). 
If the register contains the number 4, the effective source address 
is >0380 + 4 or >0384, and it is the contents of location >0384 
which are moved to memory address >0300. 

This mode of addressing enables the programmer to access tables 
more easily. For example, suppose there is a table, organized 
into two-word blocks, from which the programmer wants to access 
the first word of each block. The table begins at memory address 
>0380. The programmer can designate successive memory locations 
>0380, >0384, >0388, etc.; however, in writing an algorithm to 
repetitively access eyery other word in the table, some complicated 
means must be used to change the memory address each time. Indexing 
makes thi s memory address modification easy. By using abase address 
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MNEMONIC CODE 



Mnv 0>38O{R8),R9 



MEMORY 



0004 



3 



0380 



0384 



R8 
R9 



380 
382 
384 



BEFORE 


AFTER 


C268 


C268 


0380 


0380 






0004 


0004 





BABE 














BA6E 


BABE 







J 



MACHINE 
CODE 



(CHANGED) 

DATA 
TRANSFER 

(UNCHANGED 



■^0268: 1100 00 1001 10 1000 



Figure 3-13. Memory Indexed Addressing Illustratiori 

(pointing to the starti ng address of the table) and an i ndex regi star 
(providing the increment value), the start of each block is accessed 
by a single instruction with the index regi ster bei ng updated before 
each access. By adding 4 to the index register each time, the desi red 
word can be moved and acted upon by the algorithm. 



to the first word 
in Figure 3-13. 



of each two word block in 



Access is made 
the table as shown 



allows for flexible programming by inclusion 
the instruction. By arranging for an index 
different value (or offset) each time the in- 
struction is executed, the instruction accessed a different word 
in the table each time it is executed. 



Thus, indexing 
of a variable into 
register to have a 



3.10 ADDRESSING SUMMARY 

The five general modes af addressing plus immediate addressing 
are summarized with examples in Figure 3-14. 

Copy Function R evi sited 

To summarize the addressing modes, reconsider the copy f uncti on. 
Figures 3-15 through 3-20 illustrate the operations of the six 
modes of addressing. 
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ADDRESSING 
MODES 



DIRECT MOV R7,R8 

REGISTER I INDIRECT MOV *R7,R8 

INDIRECT AUTOINC MOV *R7+,R8 



MEMORY 



(; 



SYMBOLIC 



NDEXED 



MOV @TABLE,R8 
MOV @TABLE(R1),R8 



IMMEDIATE LI R8,>BEEF 



Figure 3-14. Summary of Addressing Modes 
3.11 INSTRUCTION SUBSET IB 

Load Immediate Instruction 



The Load Immediate (LI) instruction is the first of 



seven 




lOP" is used in the instruction summaries to represent an immediate 
operand. 



The Load Immediate instruction, shown in Instruction Su 
3-7, IS frequently used to initialize various registers at th 



set of a 

des 

he 



mma ry 
e out- 



of a program. During the course of a program, if the programmer 
ires a constant to be placed in a specific memory location 
would likely use a Load Immediate instruction with a register 
and then move the register contents to the memory location. Note 
that a Load Immediate instruction always transfers a constant from 
the instruction to a regi ster ; thus , only regi ster di rect addressing 
IS being used for the "destination." Since this is the only kind 
of register addressing used with this instruction, there is no 
associated T field. Thus, the registers in immediate instructions 
can be used only in the direct mode and not in the indirect mode. 
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MNEMONIC CODE 



LI R15,>4321 



MEMORY 



R15 



BEFORE 


AFTER 


020F 


020F 


4321 


4321 


• 


• 


• 


• 


9 


» 


• 


• 





4321 







} 



MACHINE 
CODE 

DATA 
TRANSFER 



(CHANGED) 



Finure 3-15, Immediate Addressing Illustration 



MNEMONIC CODE 



MOV R8,R15 



MEMORY 



R8 



R15 



BEFORE 


AFTER 


C3C8 


C3C8 






^346 


2345 


• 
• 
• 


• 
• 
• 





2345 







) MACHINE CODE 

(UNCHANGED) 

DATA 
TRANSFER 

(CHANGED) 



Figure 3-16. Register Direct Addressing Illustration 

This limitation of workspace registers as the only type of 
destination wi 1 1 apply to the first five of these immediate instruc- 
tions. Each of the remaining two of the seven will have as its 
destination a non-workspace register within the CPU. 

As an exampl e, a Load Immedi ate i nstructi on i s written LI R9 ,>400 
with the regi ster i ndicated first followed by a comma and the 16-bit 
constant. Since there is no T field involved, there is no need 
for any special marks as in the MOV instruction. Also, it is 
occasionally desired to load a register with a symbolic address 
such as ST, AF, CD, etc. In such case one merely specifies the 
symbol in the immediate operand field without the preceding @ sign 
since there is no T field to be defined. For example, LI R2,ST 
(load R2 with the address corresponding to the symbol ST). 

With the LI instruction, one can initialize RO to zero using 
LI RO,Oat the beginni ng of the FTNl program rather than initializing 
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MNEMONIC CODE 



MEMORY 



MOV *R8,*R9 



MEMORY 



POINTERS 



I 



R8 
R9 



u ^ 300 



I .^ 380 



BEFORE 


AFTER 


C658 


C658 


• 
• 
• 


• 
• 
• 


0380 


0380 


0300 


0300 


• 
• 
• 


• 
• 
• 





369C 


• 
• 
• 


• 
• 
• 


36$C 


36$C 







) MACHINE CODE 



(CHANGED) 

DATA 
TRANSFER 

(UNCHANGED) 



Figure 3-17. Register Indirect Addressing Illustration 



MNEMONIC CODE 



MEMORY 



MOV *R8+,*R7+ 



MEMORY 
POINTERS 



R7 

J- R8 

« 
I 
I 

L .► 320 



L ^ 360 



BEFORE 


AFTER 


CDF8 


CDF8 


• 
• 
• 


• 
• 
• 


0360 


0362 


0320 


0322 


• 
• 
• 


• 
• 
• 


DEED 


DEED 


• 
• 
• 


• 
• 
• 




DEED 







) MACHINE CODE 



(INCREMENTED) 
(INCREMENTED) 



(UNCHANGED) 

DATA 
TRANSFER 

(CHANGED) 



Figure 3-18. Register Indirect Autoincrement Addressing 
Illustration 
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MNEMONIC CODE 



MEMORY 



MOV @>300,@>280 

r 

r-' 

MEMORY 
POINTERS 



I ^ 280 



L 



300 



BEFORE 


AFTER 


C820 


C620 


0300 


0300 


0Z80 


0280 


• 


• 


• 


• 


• 


• 





DEAF 


• 


• 


• 


• 


• 


• 


DEAF 


DEAF 







1 



MACHINE 
CODE 



(CHANGED) 

DATA 
TRANSFER 

(UNCHANGED) 



Figure 3-19. Memory Symbolic Addressing Illustration 



MNEMONIC CODE 



MOV R7,@300(R8) 



0006 






0300 



0306 



MEMORY 



R7 
R8 



300 
302 
304 
306 



BEFORE 


AFTER 


CAOl 


CAOl 


0300 


0300 


• 
• 
• 


• 
• 
• 


4568 


4568 


O006 


0006 


• 
• 
• 


• 
• 
• 

















4568 



i 



MACHINE 
CODE 



(UNCHANGED) 
(UNCHANGED) 



DATA 
TIAISFER 



(CHANGED) 



Figure 3-20. Memory Indexed Addressing Illustration 
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INSTRUCTIONS 


WP 
PC 
ST 


CPU 




MEMORY 


0000 
3FFE 














• 
• 
• 










• 
• 
• 























Figure 3-21. TM 990/189 Microcomputer (Software Perspective) 

register to zero with the UNIBUG moni tor program. Si nee the machi ne 
opcode for this instruction translates into >0200 (the least-sig- 
nificant forRO, with the next word being >0000 (for the constant 
0). 



Add Immediate Instruction 

The Add Immediate (AI) instruction is the second of the seven 
immediate instructions with an immediate operand as the second in- 
struction word. It is used to add signed 16-bi t constants to workspace 
registers. There is no subtract immediate instruction. This is 
not a difficulty since a negative number can be used with the Add 
Immediate instruction. The Add Immediate instruction is used when 
the programmer desires to add or subtract a constant from an existing 
number in a register, for example, when stepping up or down through 
a table of numbers. See Instruction Summary 3-8. 

In the FTNl program example, a register was initialized with 
the value 1 and then this 1 was subtracted from the loop counter to 
provide a loop which repeated a definite number of times. The Add 
Immediate instruction can be used to accomplish the same function 
using -1 as the immediate operand. For example, AI R2,-l. The 
hexadecimal machine code is 0222 FFFF. This instruction could be 
substituted for the S R3,R2 instruction in Figure 3-8. 



An 



Additional Addressing Illustration 



From a software viewpoint, the TM 990/189 contains software 
instructions, memory, and a CPU with three hardware regi sters WP ,PC , 
and ST as shown in Figure 3-21. 

To more fully explain the operation of various instructions 
and addressing modes, another example is presented. See Fi gure 3-22 
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LOAD IMMEDIATE 



LI 



CODE: LI R,IOP 



RESULT: lOP 



! 01 1! 21 3! 41 51 6! 7! 81 9|10!ll|12|13|14il5 
I I I I 1 I I i i I I 



0200ifi I 01 01 01 01 Oi 01 II 01 01 01 01 01 ' R 
^ 1 ~~~~~~ 

i lOP 



(R) 



Length : 2 words 



1 01 11 2i 31 415 16 17 18 19 110|11112|13114|15| 

STATUS 1 1 1 I ' r 

REGISTER: 1L>1A>1EQ1 I 



OPERATION : 

Place the 16-bit immediate operand in the specified workspace register. The 
16-bit value is compared to zero and the L>, A>, and EQ status bits are set 
accordingly. 



NOTES : 

The LI instruction is used frequently to initialize constants in registers, 
and addresses or constants in various counters. ^ 



Examples: 



Mnemonic Instruction 
LI R5,>FEED 
LI R7,10 
LI Rl,>0200 
LI R2,>320 
MOV R2,@400 



Comment 
LOAD R5 WITH THE ADDRESS >FEED 
LOAD R7 WITH THE CONSTANT TEN 
LOAD R5 WITH THE ADDRESS >0200 
LOAD R2 WITH THE ADDRESS >320 
AND STORE IT IN MEMORY LOCATION >400 



Machine Code 

0205 
FEED 
0207 
OOOA 
0201 
0200 
0202 
0320 
C802 
0400 



Instruction Summary 3-7 
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ADD IMMEDIATE 



AI 



CODE: AI R,IOP 



RESULT: (R) + lOP 



I 01 II 21 31 41 51 61 71 81 9|10|11|12|13|14|15 
I I I I I I I I I I I I I I I I 

0220^g I 01 01 01 01 01 01 II 01 01 0| 1| 0| R 

I lOP (16 bit) 



(R) 



Length: 2 words 



STATUS 
REGISTER; 



OPERATION: 



I 01 II 21 31 415 16 17 18 |9 |10|11 jl2 |13|14|15| 
1 I I I I I ~ T 

|L>|A>|EQ| CIOVI I 



Add the immediate 16-bit operand to the specified 
workspace register. The sum is compared to zero 
and theL>, A>, and EQ status bits are set accordingly. 
The C and OV status bits are affected by the addition 
operation. 



NOTES: 



W? 



15 



^iC=^ 




This instruction is used to add an immediate value to 
a workspace register. 



Example: 
Mnemonic Instruction 
AI R2,>15 



Comment 
ADD >15 TO R2 



Machine Code 

0222 
0015 



Instruction Summary 3-8 
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CPU 



MEMORY 





LI Rl,>348 

LI R2,CK 

MOV R1,R3 

A @SZ,R3 

MOV R3,*R2 

LI R4,0 

LI R5,0 

A 0P1(R4),R5 

MOV @P1{R4),*R1+ 

AT R4^2 

's*Ri,@CK 
JGT GO 
A R1,@CK 
JMP OU 
A R1,@CK 
JMP LP 


WP 
PC 
ST 




PI 
P2 

RO 

R15 

SZ 

CK 

Tl 
T2 






0280: 


0300 


• 
• 
• 


0000 




0280 






0000 








1234 




LP 
GO 


5678 




• 
• 
• 






0300 


• 
• 
• 






031E 


• 
• 
• 




0004 




• 
• 
• 




OU 






033A 


• 
• 
• 






0348 




034A 


• 
• 
• 






3F.Ff 







Figure 3-22. Addressing Review Program Example 

for the program example and the given initial conditions of the 
CPU registers and memory. 

After executing the i nstructi ons through the JMP 0U,the memory 
locations contain the values indicated in Figure 3-23. The inter- 
mediate steps are left as an exercise for the reader. 

Decrement/Increment Instructions 

The instruction AI R2,-l in the previous discussion introduces 
the entire field of incrementing and decrementing using small numbers. 
This instruction set supports the use of arithmetic with small numbers 
such as 1 and 2 with certain special instructions. Consider first 
what is required if the programmer wants to subtract 1 from a number 
in a memory location. As an example, he would first have to select 
a register such as R14 for the intermediate work, then write the 
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MEMORY 









PI 


1234 




P2 


5678 






• 
• 
• 




RO 




0300 


Rl 


034C 




R2 


033A 




R3 


034c 




R4 


0004 




R5 


68AC 






• 
• 
• 




R15 




031E 




• 
• 
• 




SZ 


0004 






• 
• 
• 




CK 


034C 


033A 




• 
• 
• 




Tl 


1234 


0348 


T2 


5678 


034A 



Figure 3-23. Memory Contents After Execution of Addressing Review 
Program Example 




a register, with the A I instruction. Whether a general memory location 
or a workspace register, this operation can be accomplished 
half as many words using a Decrement instruction. 



with 



This Decrement instrucion (DEC) is used often because it allows 
the programer to count down to zero to implement a repeated loop 
with the completion test being accomplished without a compare in- 
r.Mc^c^°^1^^"J®J^^^ arithmetic operation of the Decrement instruction 
Al^o thp^MfoopL ^'\' ^\^^ '^^ ^y comparing the result to zero. 
Also, the TMS 9980A instruction set allows the programmer to perform 
an autoincrement (register indirect autoincrement) on the contents 
of a register, but It does not all ow him to perform an autodecrement 
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Table 3-4. 

1. MOV 

2. A 

3. S 

4. ABS 

5. JMP 

6. JGT 



Instruction Subsetl. 

7. LI 

8 AI 

9. DEC 

10. INC 

11. DECT 

12. INCT 



therefore a loop involving decrementing will generally involve 
a DEC instruction. See Instruction Summary 3-9. 

For example, to perform an operation ten times: 

LI Rl,10 



LOOP 



DEC Rl 
-JGT LOOP 



BEGINNING OF 
REPEATED OPERATION 



END OF OPERATION 



The contrasting instruction i s the Increment (by one) instruc- 
tion (INC). This instruction works similarly to the^Decrement in- 
struction but adds one to the source operand. See details in in- 
struction Summary 3-10. 

Instruction Summaries 3-11 ^ and^^3-12 ^detaj 1 the Decrement by 
Two (DECT) and Increment by Two (INCT) instructions. 

Instruction Review 

At this point, the reader should be familiar with the operation 
of the instructions given in Table 3-4. 

The first three (MOV, A, S) involvetwo operands (both general ) 
and may be one, two, or three words in length. 
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DECREMENT (BY ONE) 



DEC 



CODE: DEC S 



RESULT: (S) - 1 



I 01 II 21 31 41 51 61 71 81 9|10|1H 12| 13| 14115 
I I I I I I I I I I I I I I I I 
0600jg I 01 01 01 01 01 II II 01 01 01 Tt: I R^ 



So£rce_Mem£ry R^e£er^ence 
Length: 1 or 2 words 



S) 



LP 



(BEGINNING OF REPEATED 
OPERATION) 



END OF OPERATION 



DEC RT 
JGT LP 



c 



I 01 II 21 31 41 51 61 71 81 9|10|11 |12 |13|14|15| 

STATUS I I I I I I 

REGISTER: |L>|A>|EQ| C|OV| 



OPERATION : 

Subtract 1 from the source operand and replace the 
source operand with the difference. The 16-bit re- 
sult is compared with zero and the L>, A>, and EQ 
status bits are correspondingly affected. The sub- 
traction operation also affects the C and OV bits. 



NOTES: 

DEC is particularly useful in loop operations. 
Example: 
To perform an operation 200 times: 
LI R3,200 




R3 






A L U 



- — C., =0 

COflP = / 




Instruction Summary 3-9 
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INCREMENT (BY ONE' 



INC 



CODE: INC S 



RESULT: (S) + 1 



1 01 tl 21 31 41 51 61 71 81 9|lQ|11112il3|14|15| 

i-n I I I I I I !! I 



0580i6 1 01 01 01 01 01 11 01 U U 01 Tc: 1 
I ^S!}^IP1 Memojry_Re^f_er e^nce_ 
(S) Length : 1 or 2 words 



1 01 11 21 31 41 51 61 71 81 9110111 112113114|15| 

STATUS T~l I i I \ ~" 
REGISTER: IL>1A>1EQ1C lOVl 




OPERATION : 

Add 1 to the source operand word and replace the source 
operand with the sum. The 16 -bit result is compared 
with zero and the L>, A>, and EQ status bits are 
correspondingly affected. The addition operation also 
affects the C and OV status bits. 

NOTES: 

The INC instruction will often be used to provide a 
counter. In fact, it allows any memory location to 
be used directly as a counter since the incrementing 
of a memory location can be accompli shed with one in- 
struction. 

This instruction is also useful in stepping through various tables (particularly 
byte-oriented tables) when the autoincrement feature is not conveniently avail- 
able. 

These instructions (INC and DEC) allow the operator to implement "up" and/or 
"down" counters in any memory location. 



Examples: 

LI R7,-20 
LP INC R7 
JNE LP 



INITIALIZE R7 FOR TIMER OPERATION 

COUNT UP TO ZERO 

IF (R7) ^ 0, JUMP TO LP 



INC @>400 INCREMENT MEMORY LOCATION >400 

The hexadecimal machine code for INC @>400 is 05A0 0400. 

Instruction Summary 3-10 
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DECREMENT BY TWO 



DECT 



CODE: DECT S 



RESULT: (S) - 2 



1 2 3 4 51 61 71 81 9|10|11|12|13| 14I15I 

I I I I I I 1 I I I I I — 1 — I — I — r 

064016 I 01 01 01 01 01 II II 01 01 II ll | R ' ' 



(S) 



Sojj r£e_Memo ry R^ejfej^e nc e^ 
Length : 1 or 2 words 



CTAT.K I Q| 1| ^1 3 1 41 51 61 71 81 9I10I11I12I13I14I15I 
blATUS I I I I I \ r 

REGISTER : |L>|A>|EQ|C lOVl 



OPERATION : 

Subtract 2 from the source operand and replace the 
source operand with the difference. The result is 
compared to zero and the L>, A>, and EQ status bits 
are set accordingly. The C and OV status bits are 
also affected. 



NOTES: 

This instruction is useful in stepping through word- 
on ented tables. This instruction is particularly 
useful if decrementing is required relative to a wot 
auto-decrement feature. 




X t — COUP = 7 




rd table since 'there is 



no 



Example: 



LI Rl,20 
NX MOV (9>500(R1),€»600(R1) 
DECT Rl 
JGT NX 



LOAD Rl WITH DECIMAL 20 
MOVE FROM ONE TABLE TO ANOTHER 
DECREMENT INDEX REGISTER Rl 
JUMP BACK TO NX IF R1>0 



The machine code for DECT Rl is: 0641. 



Instruction Summary 3-11 
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INCREMENT BY TWO 



INCT 



CODE: INCT S 



RESULT: (S) + 2 



1 1 11 21 31 41 51 61 71 81 9|10 11 12 13 14 15 
1 1 I 1 I i i I 1 I i i I 1 i i 
0500^6 1 01 01 01 01 01 11 01 11 H ^1 '^<^ » ^S j- 

i Sour£e_Memor^ Relei^iice 1 

(S) Length : 1 or 2 words 



1 01 11 21 31 41 51 61 71 81 9|10llU12|13ll4115| 

STATUS I I I I I I ' 

REGISTER: 1L>1A lEQiC lOVl 



OPERATION : 

Add 2 to the source operand and replace the source op- 
erand with the sum. The 16-bit result is compared to 
zero and the L>, A>, and EQ status bits are corres- 
pondingly affected. The addition operation also af- 
fects the C and OV status bits. 



NOTES: 

This instruction is useful in stepping through word- 
oriented tables. 

Example: 

INCT @>450(R7) INCREMENT CONTENTS OF INDEXED ADDRESSED LOCATION BY 2 
The hexadecimal machine code for INCT @>450(R7) is 05E7 0450. 
For ALU operation above, assume {R7) = >14. 




Instruction Summary 3-12 
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The next one (ABS) involves one operand (general) and may be 
one or two words in length. u ■ aj uc 

The next two (JMP and JGT) are only one word in length and 
use PC relative or jump addressing. ^ 

The next two (LI and AI) use immediate operands and are always 
two words in length. These are the first two of seven immediate 
operand instructions, each of which is two words in length. 

The last four (DEC, INC, DECT, and INCT) are special "one 
operand instructions, each of which are one or two words in length. 

3.12 PROGRAM PRODUCTION PROCESS 

Now that the program production process has been illustrated 
with a specific example, it is important to discuss the various 
steps of the process explicitly, as outlined in Figure 3-24. 

i-h. /i? ^-^P^ outlined in Figure 3-24 are briefly discussed in 
the following paragraphs. 

(1) The first step in producing a program is to have a general 
programming ^W^. Tins may emerge from a project on which one 
IS working or itmaybe assigned by someone. It is simply a general 
statement of what is to be accomplished. 




ig prog 

^-^^ ^ '^^^ third step in producing a program is to construct a 
?[rur?L'; Th"^ logical and sequential presentation of the program 




primary example of this is a flowchart. This is an important 

^t hlnH^" ^^u^°u^?^ °,"^ ^° ^^^'""^ °"^ ^^^ details of the problem 
at hand on a high level and to document the logic and the sequence. 
It IS helpful (sometimes crucial) to the phase of debugging and 
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n) GENERAL PROGRAMMING IDEA 

(2) PROGRAM SPECIFICATION 

(3) PROGRAM CHART (E.G. FLOWCHART) 

(4) PROGRAMMER CODE SHEETS 

• SOURCE CODE 

OBJECT CODE 



(5) 
(6) 
(7) 
(8) 
(9) 



PROGRAM READY TO RUN (LOAD) 
PROGRAM TESTING AND ERROR DETECTION* 
PROGRAM ERROR CORRECTION* 



*ncDiiccTMr- T<i fl PHASF WHICH OVERLAPS BOTH 
PROGRAM ERROR"DETECTION"and PROGRAM ERROR CORRECTION 



Figure 3-24. Program Production Process 
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proqrile/''"\rliiTTy^th/ *''« "t"«l P'-osramming. in which the 
programmer translates the specification and the program chart 
into machine related language (whether high-level . assembly or ml- 
ch ne language). This generally results in programmer code'sheeU 
which may or may not be readable by someone else. This task is 
ca led programming (or sometimes called coding). If the specific! 
ation and chart are clear, logical, and consistent, this step is 
th s prociss' ""■" '"* °'*'" particular "knots"*will exis? 



1 n 




mnemonic code via the keyboard from the code sheets. 
(6) When the source code 



-4. *• ^. ^^ composed of assembly lanauaae in- 

structions, the sixth step is the work of the '^'^"S^^se in 

to convert from source code to object code. 



in mnemonic code and the output 



assembler program 

The source input is 

rifirpiiv fn^™..i,*«^ * V- "".^ ^" machine code (sometimes spe- 

Thloulnut nf tho!. ^o;fasy loading from machine-readable mediuS). 

ine output of the assembler on the TM — 

is stored in RAM memory ready for 



990/189 
execution. 



is machine code which 



P^ , ^^® seventh step is to load the object into t 




ooeration ?n^H llfo^? '^^^ '"' ^° "^"^ ?^^ program to checkout its 
operation and detect program errors bugs). This is hp<:t rfnno 

sSch''asVN?RVr'"-"'"'-Vl1 test plan. Gene?aliy, a monitor pogJaS 
rea?,tL. lt.-'\r''^2''^*^"''^"°''^*''^°P«'-«t<"'t<' set and inspect 
llv also V/fpV t!!"?/""* IS called program testing. The operator 
may also refer to it as a phase of debugging if he assumes that 

fo!nd%d'' "'°'""" "^"^^-S'-c'^^" assumption will generally be we"- 




normJ^!* process Of Correcting program errors is best done to the 
be 3o"e to:'^" ""'" program. But in general it could 

• The resulting machine code (i.e.. patching) 
The machine-readable object code 
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° The source code 

° The programmer's code sheets. 

Then, if errors are still present, the cycle is repeated. 

The programmer continues around this loop of detecting, cor- 
recting and^eassembling until no more errors are detected, whicn 
may mean the program is "error free;" or, it may mean the bugs 
are hiding in an uninvestigated area. 

3.13 SUMMARY 

This chapter has endeavored to provi de the reader wi th a clear 
understanding of 

** The three types of register addressing 

° The two types of memory addressing 

° Immediate addressing 

° Jump addressing. 

In addition, the instructions in subset lA and IB have been described 
and illustrated, using both mnemonic and machine code formats, ine 
nine steps in the program production process were introduced to 
provide the reader with a methodology that can lead to success in 
in programming. 



157 



3.14 EXERCISES 



For exercises 1-10 assume for each exercise the following con- 
tents for the WP and for each of the memory locations indicated 



(WP) 


= >0300 






(0300) 


= >0406 


(0400) 


= >2468 


(0302) 


= >CACE 


(0402) 


= >0101 


(0304) 


= >8234 


(0404) 


= >BABE 


(0306) 


= >0405 


(0406) 


= >0000 


(0308) 


= >0406 


(0408) 


= >FFFF 


(030A) 


= >0408 


(040A) 


= >8000 


(030C) 


= >030C 


(040C) 


= >CBA9 



Execute each of the following stand-alone instructions and 
determine the result (location and contents) and the condition of 
the status register. Indicate the related machine code. 



Result Machine Code 

Example: MOV @>404,R2 (R2)=>BABE COAO 0404 

L> = 1, A>=0, EQW 



1. A R2,R0 

2. S *R3,R1 

3. MOV *R4,*R5 

4. ABS @>040A 

5. MOV *R0,@>100(R6) 

6. A @>040C,@>0303 

7. LI R5,>1234 

8. AI R3,>0101 

9. INCT @>0300 
10. DEC @>FFFB(R3) 



11. Write the mnemonic code equivalent of MOV R2,*R3 using 
memory indexed addressing. 
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12. Determine the machine code for the following jump 
i nstructions. 

(a) JMP ST (b) JGT $ + 12 (CTJMP $-6 



ST 



13 Will the following program reach the instruction located 
at OU? *If it does, what will be the values in R7 , R8 and R9? How 
many times is the JMP LP instruction executed? 

LI R9,0 

LI R7,-4 

LI R8,9 
LP DECT R8 

A R8,R9 

INC R7 

JGT OU 

JMP LP 
OU JMP OU 



14. Consider the following program segment given 





(R3) = 


>220 


(>220) = 


= >ABCD 




{R4) = 


>280 


(>280) = 


= >9876 




(PC) = 


AQ 






AQ 


A *R3 + 


,*R4 + 








JGT NX 








FS 


JMP AD 








NX 











(a) 

(b) 
(c) 



What is the PC value after the execution of the 
first two instructions? 

What is the contents of the status register? 
What memory locations have changed and what 
are their contents? 
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3.15 LAB EXPERIMENTS 



1. Load and execute the FTNl program listed in Figure 3-! 
using the values for Nl and N2 given in Table " " '^^^^^ 
results. See Chapter 2 for UNIBUG commands 



to 



3-5 and 
do this. 



indicate 



Table 3-5. FTNl Program Input Values 



Nl 
Inputs 


5 


2 


10 


35 


400io 


30,000iQ 






" 


N2 


3 


5 


-2 


-30 


lOOio 


2. 000^0 








Hexa- 
decimal 
Result 




















Decimal 




















Comments 



















2. 



Encode, enter, and execute the FTNl program wi th the change 
suggested on .pages 141 & 144 for the LI and A instructions. 

3. Enter and execute the sample programs illustrating the A 
^nst^ruction and the S instruction on page 117. (Note initial 



4. Write, encode, enter, and execute 




5. Write a timing program to turn on the "idle" light (see 
picture of TM 990/189 board. Figure 1-33) after a specified number 
of seconds. End the program with >0340 to turn on this light. Use 
the following basic timing loop. 



LI RX,>220F 
LP DEC RX 
JGT LP 



LOAD REGISTER X WITH >220F 
DECREMENT REGISTER X 
IF (RX)>0, JUMP TO LP 



This timing loop requires approximately 100 mi 1 1 i seconds to complete. 

Ki f t' -^Vl^ ^ program for N greater than zero to calculate the 
N-factorial function, e.g. ,5! (5-f actori al ) = 5 * 4 * 3 *2 *1 =120 

v^riiM?Rii^r^^ D^^'-!'^?.'^ in Rl (using a LIR1,N) or initializ^ 
via UNIBUG. Provide the result in RO. 



160 



CHAPTER 4 



ASSEMBLY LANGUAGE 



4.1 INTRODUCTION 

This chapter introduces the user of the University Board to 
three items of special interest: the context and use of assembly 
language, the functions and features of the Symbo ic Assembler, 
and Instruction Subset 2. These three i terns and corj-eUted exerci ses 
using the assembler program are covered in this chapter. 



Categories of Software (An Overview) 



As background, it is important for the reader to know that 
there are different categories of software, and that each has 
different challenges and requires different approaches. Generally, 
software programming can be categorized as systems, utility and 
support, and applications. 




anu me 



r^^ .. -I- n V< 



to facilitate: 



Accessing a disk 
Controlling a printer 
Configuring memory 
Loading programs from the disk 
Controll ing a CRT 

Coordinating the sharing of computer time between pro- 
programs , ^ \^ 
Taking care of error modes, failure modes, power 
failures, power restarts, etc. 




ory space, and the peripheral devices 
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utility and Support Programs . Utility and support programs, 
in contrast, are those programs which facilitate development of 
their own applications or which facilitate the use of a production 
computer system. Several examples of these are the software tools 
commonly used to aid in devel oping programs such as (a) an assembler 
which will convert mnemonic codes into machine codes such as the 
University Board Symbolic Assembler, (b) a text editor which 
assists users in editing or changing programs during development 
'"'^'^^^^J^^?°/^°^ "^^^^ Editor (the' TM 990/302^ is discussed 
in Chapter 10), (c) a compiler which helps programmers convert from 
cifVnnM^r \^"9uage to machine language such as the TI 990 DXIO 
FORTRAN Compiler, (d) a linker which helps a programmer link two 
separately developed programs together into one working module 
and (e) an i nterpreter which allows the use of high-level lanquaqes 
such as the Texas Instruments POWER BASIC (mentioned in Chapter 10). 
An additional example of a utility program is one which provides 
an output-print format, with the utility program handl ing the detail s 
involved or a disk utility program to reorganize fil es on a disk. 
Furthermore, there may be special mathematical packages for the 
applications programmer to use. 

. Applications Programs. An applications program is one written 
tor a specific application, such as for a word-processing system 
or a motor-control system, or a mathematical calculation. These are 




Appl ications programs in the scientific category generally re- 
quire significant understanding of mathematics by the programmer 
in their implementation into software programs. This area is gen- 
erally represented by work in high-level languages such as FORTRAN. 
Such programs in commercial usage generally involve accounting and 
bookkeeping tasks, extensive manipulation of files, and detailed 
formatting of outputs. In real-time processing and control generally 
involved are high-speed analysis and reaction to random inputs 
coordination of correlated functions being performed simultaneously 
and detailed control of external devices. 

Overview of Principal Levels of Computer Lan9uaqe 




to know machine language'if he' is' to modUy" "(paVch)" a program! 
Patching is expected to be necessary in the final stages of de- 
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bugging. If an operator does not have an assembly program to convert 
from assembly or mnemonic code to machine language then he must 
program in machine language (as is done in the previous chapter's 
exercises). He may, as in Chapter 3, code in mnemonic code then 
hand assemble. This provides an important level of documentation 
one step above machine language code. 

The next 1 evel , which i s the focus of this chapter, is assembly 
language. It is defined as a one-for-one correspondence between 
mnemonic code and machine code. This correspondence is illustrated 
in Figure 4-1. 

There are two facts which must be emphasized: 

" Assembly language is the most commonly used level of 
computer language for microprocessor and real-time 
applications due to the balance between readability, 
execution speed, and efficient use of memory space. 

° The assembly language programmer must understand the com- 
puter's architecture to implement a program. 

The principal advantage of assembly language over machine language 
is its readability. 

The third level of computer 1 anguage is called high-level lan- 
guage. It is also referred to as problem-oriented or programmer- 
oriented language. And, as mentioned in Chapter 3, each source 
statement usually will cause generation of five to ten machine 
codes by the compiler, rather than the one-for-one correspondence 
of assembly language. The reader may have heard of a number of 
high-level languages. Some of the more common ones are; 



FOR 1 KAN 

COBOL 

PL/1 

ALGOL 



O n m c T f^ 

" Pascal 

" PL/M 

** ATLAS. 



MOV R1,R2 
NOP 



LI RIO, 1234 
JMP $ 



C081 

1000 

020A 
1234 

lOFF 



Figure 4-1. Mnemonic Code and Corresponding Machine Code 
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The primary advantage of the use of high-level language for imple- 
menting applications programs is the saving in programming time. 

High-level programs tend to be less CPU dependent, that is, 
the programs may be transportable from one computer to another without 
total rewriting and, possibly , with little or no change. The primary 
disadvantage of high-level language is that the resulting program 
is generally not as efficient in terms of memory space and computer 
time when compared to a similar program implemented in assembly 
1 anguage. 

To further i 11 ustrate thi s di f ference between these two levels 
of computer language, consider Fi gure 4-2. As was stated in Chapter 
3, one typically starts the development of aprogramwith a program- 
ming idea. 



Fi gure 4-2 shows that there are 
starting with a programming idea, p 
to assembly 1 anguage, and finally to 
trates how the same program is expre 
Note that the degree of readability 
as we proceed from the programming 
assembly 1 anguage and then to machin 
consider the machine language unre 
level language implementation can 
programming idea, even if one does 
the interested reader. Example A in 
B is a version of BASIC, and Exampl 



many ways to express a program, 

rogressing to a flowchart, then 

machine 1 anguage. It also illus- 

ssed in higher level languages. 

to the casual eye becomes less 

idea to the flowchart to the 

e language. In fact, most would 

adable. In contrast, the higher 

be seen to correspond to this 

not know these languages. For 

Figure 4-2 is FORTRAN, Example 

e C is PL/1. 



On the other hand, from the machine's point of view, the machine 
language is much more "readable" than assembly language or higher 
level language, and the flowchart and the programming idea are total ly 
Thus, the degree of readability depends upon one's 

a middle ground between the 



there is a need for 



unreadabl e. 

perspective. So 

human perspective and the machine perspective. This usually is 

met by use of assembly language or higher level language. 



4.2 OVERVIEW OF ASSEMBLER FUNCTIONS 

Assembly language is the input format 
(usually referred to as the "assembler"), 
functions which all assemblers perform, 
assembler provided wi th the Uni versi ty Board, 
are 



to an assembler program 

There are certain basic 

including the symbolic 

These basic functions 



Translation 
Address bookkeeping 
Symbolic constant definition 
Error indications 
Output control . 



assembly-time) 
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TYPES OF PROGRAMMING EXPRESSION 
PROGRAMMING IDEA: CALCULATE [4(N1 - N2)]2 



FLOWCHART 



C start) 



INITIAL IZE I 

T 



FORM DIFF: 
Nl - N2 



I 



MULT DIFF BY 4 



MULT RESULT 
BY ITSELF 



ASSEMBLY LANGUAGE 



MACHINE LANGUAGE 



(finish ) 



START LWPI >0300 

CLR RO 

S K2,Ri 



SLA Rl,2 



ABS Rl 

MOV R1,R2 

LOOP A R1,R0 

DEC R2 

JGT LOOP 

HALT IDLE 

END START 



02E0 
0300 
04C0 



0A21 



0741 
C081 
AOOl 
0602 
15FD 

0340 



HIGHER LEVEL LANGUAGE 



EXAMPLE A 

NFTN = {4*{N1 - N2))**2 

GO TO ENDJOB 

END 



EXAMPLE B 

NFTN = Nl - N2 *4 
NFTN = NFTN * NFTN 
END 



EXAMPLE C 



START: 



PROCEDURE; 
NFTN = (4*{N1 
END START; 



- N2))**2; 



Figure 4-2. Types of Programming Expression 
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Transi ation 

The primary function of an assembler is translation . It trans- 
lates mnemonic opcodes into machine opcodes^ For example, the 
University Board Symbolic Assembl er transi ates the mnemonic opcode: 

AI R7,15 
into hexadecimal machine code as: 

0227 
OOOF 

Most would agree that the first expression is easier to read 
and easier to remember, as well as easier to compose as part of 
a program, than the second. 

Address Bookkeeping 

Another function of the assembler program is to provide support 
in the area of address bookkeeping . For example, if one enters 
(starting at >410yi 

Mnemonic Code 

JGT KP 



KP 



Then the resulting machine code will be (starting at >410) 
Location Code 
410 1502 



416 



NOTE: The 02 in the machine code 1502i 5 is the displace- 
ment to reach from the instruction at>410 to the destin- 
ation at >416 (the location corresponding to the label 
KP as explained in Chapter 3). 

As the above example illustrates, one can refer to memory loca- 
tions by means of labels and allow the assembler to do the address 
bookkeeping. In the case of jump instructions, this saves one 
from having to count the words or bytes, or even having to understand 
how that counting is done, because the assembler will do the counting 
for tha programmer. This is particularly important when one needs 
to change a program by inserting instructions. If an instruction 
needs to be inserted between a jump instruction and i ts desti nation 
then the displacement field in the machine code of the jump instruction 
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would need to be changed. If thi s jump reference i s done symbol ical ly, 
as illustrated above, then the • assembl er will automatically do the 
necessary address bookkeeping. 

Symbolic Constant Definition (Assembly-Time) 

Generally an assembler supports symbol ic constants to be used 
at the time it is making its conversion from mnemonic code to machine 
code (i.e., at assembly time). The use of symbolic constants is 
important because these make it easier to effect program changes. 
The time of this operation is called assembly time. The use of 
symbol ic constants is illustrated in the following lines of code. 

Mnemonic Code Comment 

FG EQU 15 FG SYMB0L=15 

AI R7,FG ADD 15 TO R7 

CD EQU >A55A CD SYMB0L=>A55A 

LI R9,CD LOAD R9 WITH >A55A 

The first line of mnemonic code indicates that the symbol FG is 
to be equated (at assembly time) to the numerical constant 15iq. 
This, in combination with the second line, AI R7,FG, will assemble 
exactly like its equivalent code: AI R7,15. This occurs because 
the assembler will substitute a 15iq for the FG at assembly time 
based on this first line of code. This third line of code indicates 
that the symbol CD is equated with the 1 iteral constant: >A55A. This 
in combination with the fourth line of mnemonic code is equivalent 
to CI R9,>A55A since the assembler will substitute a >A55A for the 
symbol CD. 

With symbolic constants, if one desires to change a symbolic 
reference, then one needs to change its value in only one place, 
and the assembler can take care of all of the other changes auto- 
matically. For example, if one desires to change the "code" >A55A 
(this symbol being abbreviated as CD), and this code is used in 
100 different places, then one merely has to change the one EQU 
statement to accomplish this objective. On the other hand, if this 
constant were to be changed in machine code directly, then it would 
have to be found and changed in all of the 100 di f ferent places where 
it occurs. Thus, the use of symbolic constants at assembly time 
provides central ized control of constants. 

Error Indications 

Another function of an assembler program is to provide error 
messages indicating various syntax errors. A syntax error occurs when 
the mnemonic input (source code) does not follow prescribed rules. 
When a syntax error occurs, e.g. , MOX i s entered for MOV , the assembler 
produces an error message to indicate its occurrence. It is emphasized 
that the assembler program indicates only syntax errors; the detec- 
tion of logic errors is left for the programmer. 
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Output Control 

Output control i s still another function which assemblers per- 
form. nTfealTembTer input (as was indicated in Chapter 3) is called 
the source, and its output is called the object (or object code). 
An assembler program, in fact, generally has two outputs, an object 
and a listing. The object is machine code formatted to be read 
by the computer. The listing is an output of the source code 
input and machine code, formatted to be read by people. 

These five general assembler functions discussed provide 
the foundation for an in-depth description and discussion of the 
University Board Symbolic Assembler. 

4.3 UNIVERSITY BOARD SYMBOLIC ASSEMBLER 

The symbolic assembler provided with the University Board 
transl ates the mnemonic codes i nto machine codes as these are entered 
via the keyboard and places the machine codes directly into memory. 
This assembler supports labels (symbolic address references) and 
other symbols consisting of one or two characters. The first char- 
acter of a label or other symbol must be alphabetic (A-Z), and 
the second character must be alphanumeric (A-Z or 0-9). A label 
is a special kind of symbol which corresponds to a specific memory 
address. Thi s assembl er produces the resulting output in "one pass"* 
at the input source code. So any reference to a symbol which is 
used or defined later in the program is called an undefined forward 
reference. Thi s assembl er supports forward references in most cases. 
Forward references of the word type ** and involving jump addressing 
are supported by this symbolic assembler. 

Examples of these are: 

MOV @BD,@EF 

where BD and EF are labels for instructions or directives not yet 
entered (forward references), and 



JMP RW 

where RW is a label 
reference). In each 
retained by the symbolic assembler in a 



for an instruction not yet entered (forward 
case, a reference to the undefined symbol is 

symbol table. 



References to previously defi ned symbols (backward references) 
are also supported. However, if a jump instruction attempts to 
"reach" too far, an error will result. 



* Most assemblers perform this process using two or more passes 
at analyzing the input source code. 

** Forward references of the word type refer to memory addressing 
and immediate operands of two-word instructions. 
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Execution of the Symbolic Assembler 

To execute the assembler enter an A (for assemble) to UNIBUG 
followed by the desired starting point in memory (default is 0). 

?A[starting memory address]Ret 

The typical program resides between >0200 and >03FF. Location 
should not be used. It is in the area for interrupt vectors. 

To illustrate, for an assembly starting at location >0200. 
Enter A 0200 after the monitor prompt character: 

?A0200Ret 

After entering a return (Ret) , the assembler responds by displaying 

struction. Now the user is ready to enter the source statements, 
each being concluded with a return (Ret). 

When the assembler is entered via the "A" command, it is ini- 
tialized so as to not refer to any previously entered program label 
or a symbol. If the assembler is exited normally, (via the END 
directive explained later in this chapter), it can be re-entered 
so as to continue assembly of the same program (maintaining previously 
referenced symbols) by entering the assembler using the B command 
followed by the desired restart point: 

?B[restart memory addresslRet 

This allows the programmer to exit to the monitor, to perform other 
functions, and then to resume assembly of the same program. 

Functions of the Symbolic Assembler 

With this symbolic assembler, the source input is expected 
to be from the keyboard and the output goes directly to the memory 
locations specified by the program. Having the output of the assembler 
stored directly into the memory is particularly useful because the 
program will be ready to run immediately upon completion of program 
entry. It also means that the specified destination RAM space 
must be available at the time of program assembly. 

Upon entry of the assembler, typically, the user will want 
to set the location counter. The initial setting of the location 
counter can be done at the time of entry to the assembler from 
UNIBUG or after entering the assembler. The location counter can 
be set to a specific value in the assembler by use of the Ab- 
solute Ori gi n (AORG) directive. For exampl e, i f the 1 ocation counter* 

*The location counter contains the location (such as >280) of the 
first word of the instruction currently being entered. It always 
appears and is always an even number (with System ROM REV. B). 
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is to be set at >0280, then the operator merely enters AORG >0280, 
and the assembler causes the location counter to be set to >280. 
This directive can be used at any time duri ng the process of entering 
source code, but generally it is only used as the first line of 
source code. 



Entry Fields 

Turning to the entry of a normal line of assembly code, a 
user's entry fields consist of the following four fields: first, 
the optional label field, then the opcode field, an operand field, 
and finally, an optional comment field. 



[label]|i<...<opcode>bJ[operand(s)][|^.. .comment] Ret 

[...]optional field 
<. . .>requi red f iel d 
^ one space only 
0...one or more spaces 



Focusi ng on each of these indi vidua 1 ly , the 1 abej field consists 
of either a space (when there is no label) or one ol^ two characters 
to indicate a label. The first label character must be alphabetic, 
but the second character, if there is one, can be alphanumeric. 
The/*label field, if any, is followed by one or more spaces. 

y' 

After the label field and a space or spaces, the opcode 
f iel d always begins with an alphabetic character such as an A for 
add, or S for subtract. This field is also used for directives 
such as AORG. It consists of one to four alphabetic characters 
followed by one (and only one) space. 

Next is the operand field which is used to call out one or 
two operands , as required by the particular instruction. An example 
of an operand field is R1,R2. Note that the operand field has 
no spaces within it, and multiple operands are separated by commas. 
The operand field is concluded by a space or an Ret. Several 
instructions have no operand, in which case the operand field is 
simply not used. 



The comme nt fie ld 
until 



wi 1 1 conti nue 
at the end of either 
the end of the line 
optional hardcopy terminal 



__ if used, may 
the receipt of a 



EIA port, 
object) . 



include any character, and 

carriage return. The Ret 

the operand field or the comment field marks 

The comment field is useful only if an 

is used, connected via the user-option 



Comments are not stored in memory (only assembled 



Exampl es 



XY MOV R1,@SV 
Z S R1,R2 



SAVE Rl in SV Ret 
TAKE DIFF Ret 
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There are certain predefined symbol s which should be noted. 
When an operand includes a do 1 1 a r s i g n ( $ ) a s an ini tial character, 
it is considered to refer to the contents of the 1 ocation counter. 
For example, at location >370, JMP$+8 is equivalent to JMP >378. 
In calling out register operands, the programmer can use the symbol 
R followed by a decimal number. This includes RO through R15. For 
example, MOV R1,R15 is the same as MOV 1,15. 

Note that the default number system with this assembler is 
decimal; hexadecimal numbers are indicated with a > prefix. 



4.4 DIRECTIVES 

There are various directives which may be used to indicate 
operations to be performed by the symbolic assembler such as: 

° Origin control ** Word initialization 

** Line cancellation " Symbolic constant definition 

** Assembler exit (assembly-time) 

** Block declaration " String constant initialization 

Keep in mind that a directive is an i nstruction for the assem- 
bler to perform a certain operation at assembly time. It does not 
correspond to any machine opcode and does not generate any object 
code except word initialization or string constant generation. Each 
of the directives is discussed briefly below. The directive is 
entered in the opcode field preceded, optionally, by a label. 

Origin Control (AORG) 

The location counter can be set to a specific value during 
assembler operation by use of the Absolute Origin (AORG) directive: 

AORG <origin> 

This directive can be used at any time duri ng the process of entering 
source code. It will generally be used as the first program entry 
for the starting location of the assembled code. For example, 
AORG >300 will result in the next instruction assembled to be at 
memory address >300. 

Line Cancellation (CANC Character) 

Occasional ly , the user will make an error and desire to cancel 
the line and start over again. This can be accomplished by entering 
the CANC character (shift key followed by "X" key) at any point 
during the line. Entry of the CANC character causes the assembler 
to start the line over again with the location counter as it was 
when the 1 ine began. 



■» 7 1 
1 / 1 



Assembler Exit (END) 

The assembler can be exited at any time by entering the direc- 
tive END in the opcode field. This directive causes exit from the 
assembler to UNIBUG. It has an optional operand field which can 
be used to i ndicate the starting point of the program. This optional 
operand can be a numerical address or a defined label symbolizing 
the starting address. Entry of an operand, at this point, can 
allow the user to insert where the program is to start and, thus, 
to set up the program counter in UNIBUG for use by the E command 
upon exit from the assembler. 

Example: END|i5[program start] 

Upon completion of the end directive, that is, END followed 
by a return or END S (start location) followed by a return, the 
assembler will display the number of unresolved forward references, 
if any. If all forward references have been resolved, the assembler 
will display a 0. In either case, the assembler then accepts the 
entry of any character to cause a return to UNIBUG. 

Block Declaration (BSS) 

The programmer may desire to declare a block of RAM for vari- 
able storage without initializing the space, such as setting aside 
space for the workspace registers. This may be accomplished with 
the BSS directive. BSS is an abbreviation for: B^lock S^tarting 
wi th a S^ymbol . 

To set aside 32 bytes for a workspace starting at >360, one 
writes: 

360: WS BSS 32 RESERVE A BLOCK OF 32 BYTES 
380: 

This block's beginning address can be referred to by the label 
WS (for Works^pace). The location counter is increased by 32 (>20) 
bytes from >360 to >380. 

The assembler simply increases the location counter by the 
appropriate number of bytes specified by the directive: 

BSS <number of bytes to be reserved> 

The number of bytes speci fied must be zero or positive. The result- 
ing value of the 1 ocation counter is rounded down to an even number, 
if necessary. 

Word Initialization (DATA) 

The programmer may desire to cause a word or words of memory 
to be initialized to a particul ar val ue. This is particularly useful 
for entering a table of data as part of a program. This can be 
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accomplished with the DATA directive. At any point during the 
program assembly, one can insert a DATA directive in the opcode 
field followed by a literal constant or a symbol. The symbol may 
be a forward reference to be resolved later. 



Exampl es: 

Location 



Statement 



Comment 



3B0: 
3B2: 

3B4: 



DATA >1234 
DATA AX 

DATA GH 



CAUSES LOCATION >3B0 TO BE 
INITIALIZED TO >1234. 

CAUSES LOCATION 
INITIALIZED TO 



IF AX=>3456, 

>3B2 TO BE 

>3456. 

IF GH IS AN UNDEFINED FORWARD 

REFERENCE, LOCATION >3B4 WILL 

BE INITIALIZED TO THE VALUE 

CORRESPONDING TO GH WHEN GH 

IS RESOLVED. 

The operand for the DATA directive may consist of either: (1) an 
unresolved forward reference, (2) a numerical constant, (3) a defined 
symbol, or (4) a string of numerical constants and defined symbols 
interconnected by pi us and mi nus signs i ndicati ng sum and difference, 
respectively. In the case of the string of sums and differences, 
no regard is given to carry or overflow. 

Example: DATA 1+5-3 (equivalent to DATA 3) 

The DATA directive supports a sequence of constants separated by 
commas . 

DATA [constant ( def i ned or undef i ned) , constant,..., constant]Ret 

An unresolved constant is acceptable only as the first operand of 
each DATA directive. 

One can contrast the use of the BSS directive and the DATA 
directive as follows. The BSS directive simply sets aside memory 
space without initializing it; whereas, the DATA directive sets 
aside space and initializes it. The BSS directive is like buying 
raw property without making any changes to it. The DATA directive 
is like buying property and building a house on it. In any case, 
memory space is claimed. 

Symbolic Constant Definition (Assembly-Time) (EQU) 

A programmer can define a value for a symbolic constant by use 
of the equate (EQU) directive. For example, the symbol CD can be 
defined to be equal to hexadecimal A55A by entering CD EQU >A55A. 
Or one can set the symbol G to be equal to decimal 1000 by entering 
G EQU 1000. Thi s directive al lows the programmer to predefine certain 
values before entering related program assembly codes. Thus, if 
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one desires to use symbolic constants 1 iberal ly throughout the pro- 
gram, he can easily implement them by using the EQU directive. 

The EQU directive in the TM 990/189 symbolic assembler allows 
the user to assign the value of one defined symbol to the value of 
another defined symbol. For example, if A is already defined as 
decimal 1000, then merely enter the code B EQU A, and B also becomes 
defined as decimal 1000. 

No directive is provided to change the value of a symbol once 
it is defined. 



<label> EQU <defined constant> 
Example: 



CD EQU >A55A 
FG EQU 15 
A EQU FG 



CD REPRESENTS >A55A 
FG REPRESENTS 15 
A REPRESENTS 15 



String Constant Initialization (TEXT) 

The assembler also provides a directive to allow the user to 
enter a sequence or string of characters and have these characters 
translated to ASCII code and stored as part of the program. For 
example, if one wants to store the text ABCD in memory in ASCII 
format, then he enters TEXT ' ABCD' and the corresponding memory loca- 
ti,y6ns would contain the values >4142 and >4344. This data repre- 
sents to the computer system the letters A, B, C, and D. In fact, 
any character entered, other than the CANC character or the single- 
quote {') character, results in its ASCII code being entered into 
memory. The text string entered thereby may be as long as desired. 
It must be preceded by a single-quote character and terminated 
by a single-quote character. The single-quote character indicates 
inputs to be converted to ASCII. The only normal string terminator 
is a single-quote character. Furthermore, since the system's extended 
operation to output a string of characters (discussed in Chapter 
8) expects a null (>00) to indicate the end of the text string, 
this directive automatically inserts a null (>00) at the end of 
the string in memory: 

[label] TEXT '<character string>' 



4.5 LABELS AND INSTRUCTION SYNTAX 



La bel an d Operand Correction 

There is a degree of correction capability within the label 
field and the operand field. A label (whether in the label field 
or in the operand field) can be corrected by continuing to enter 
the proper characters. For example, if the label BZ is entered 
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[label ]b^.. .<opcode>b2Cop.erand{ s) ]b3[comment]Ret 



<...> = required field 
[. . .] = optional f iel d 

^fnr nnpyanfl fipld. it maV 



be a required field) 



label = 1 or 2 characters 

(1st alphabetic, 2nd alphanumeric) 
opcode = mnemonic opcode or directive 
operand(s) = operand or operands separated by commas, 

(required field for most instructions) 
comment = a string of one or more characters 

not including Cancel or Ret 

characters 



U 1 • • • 

b^ 

Note: 



- ggyjgc nf one or more space 
= one space character only 
= one space character or, 

optionally, for line termination. Ret 
Cancel (Shift, X) is permissible at any point. 



Figure 4-3. Instruction Syntax 

and one wishes to change the label to CD, then it is corrected by 
simply entering CD before exiting the label field. In short, the 
assembler accepts the last two label characters entered in that 
field. If a single-character label is to be corrected, enter a 
one (1) indicating a single-character label and then the appropriate 
alphabetic character. These rules apply any place a label or a 
symbol is used. Not only can a label be corrected in the operanu 
field, but a numerical constant al so can be corrected in the operand 
field. For example, if a >1234 is entered but a >2234 is desired, 
it can be corrected immediately by entering 2234. The assembler 
accepts the last four characters of a hexadecimal constant. In con- 
trast, an error in the opcode cannot be corrected wi thout cancel 1 ing 
and re-entering the line. 

Generally, it is not as easy to correct decimal operands. But 
if a programmer desires, thi s can also be accomplished in a similar 
manner, except that the assembler considers the last 16 decimal 
digits entered. This could mean that to do proper decimal correc- 
tion on decimal constants one would need to enter 16 intervening 
zeroes. Consequently, it is probably best to cancel (shift X) 
and re-enter the line. 

Instruction Syntax Review 

Now, by way of review, the syntax for a particular line of 
code is restated (see Figure 4-3). The assembler expects, first. 
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either a space, or a label reference (1 or 2 characters, of which 
the first must be alphabetic, and the second, if any, alphanumeric) 
followed by a space. Between the 1 abel field and the opcode mnemonic, 
enter as many nonal phabetic characters as desired with the first 
being a space. The opcode field consists of one to four alphabetic 
characters. Between the opcode and the operand field, the assembler 
expects one space. This space actually may be any nonal phabetic 
character other than the CANC character. The operand field consists 
of one or two subfields each of which will be terminated by a 
nonalphanumeric character. If there are two operand subfields, 
it is generally expected that these will be separated by a comma, 
but, in fact, any nonalphanumeric character other than the CANC 
character is acceptable between the operand subfields. Between the 
operand field and the comment field there must be one space character. 
A CANC character means cancel a line. Following the operand field 
and in the comment field, a carriage return means terminate the 
line. The comment field consists of any character other than CANC 
or return (Ret). The comment field continues until the receipt 
of one of those two characters. Then, CANC and Ret have their 
normal meanings of line cancellation or line termination. 



that: 



Concerning source-statement syntax, it is to be emphasized 



Label s on instructions must be entered without preced- 
ing spaces. 

Instructions without labels must be preceded by at 
least one space. 

Following the opcode only one space is allowed prior 
to the operand field. 



Symbol Table and Unresolved Labels 



The symbol table for the University Board Symbolic Assembler 
is always located in RAM starting at location >146. Its length 
is variable, with its current length in bytes maintained in RAM 
location >16. This explanation concerning the symbol table is 
for those interested in its details. Thus, some readers may desire 
to omit reading the remainder of this section. 



In the following paragraphs of this section, the organization 
of the symbol table is documented, along with t*he necessary back- 
ground for the user who desires to place entries in the symbol 
table directly. 



It is emphasized that the length of the symbol tabl e i s variabl e 



and typically requires from four to 
or other symbol. It is actually a 
It includes: (1) entries for defined 
unresolved word references, and (3) 
Each entry consists of a label word 
of four bytes. 



eight bytes for each label 
combination of three tables, 
labels and other symbols, (2) 

unresolved jump references, 
and an address word, a total 
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If the entry is a resolved label or other symbol, then the 
label word will simply consist of the ASCII equivalent for the 
label. A single character symbol will be stored in its ASCII form 
preceded by an ASCII "1", (e.g., symbol A will be stored as >3141 ) . 
The second word (the address word) will contain the address or 
constant equivalent or memory location corresponding to this label 
or symbol. For example, if label AC (ASCII >4143) is established 
to be at location >300 , then the symbol entry is 

4143 defined symbol reference entry 
0300 (in the symbol table). 

The unresolved w ord reference entry is similar, except that the 
label wordwill have aONEinbit ( i .e. , ASCI I equi val ent + >8000). 
In such a case, the address word points to the last location in 
which this label was used as a forward reference. For example, 
if the label AC is used as an unresolved forward reference in 
location >300, then the entry appears as 

C143 unresolved word reference entry 
0300 (in the symbol table). 

Location >300 would either contain a pointer to the previous use 
of this label as an unresol ved word reference, or a zero (to indicate 
the first use as an unresolved word reference). 

The unresolved jump reference entry in the symbol table would 
appear similarly, except the label would contain a ONE in bit 8, 
(i.e. ASCII equiv. + >0080), and the address word would contain a 
pointer to the location of the last jump instruction using this 
unresolved label. For example, if location >300 had an unresolved 
jump reference to label AC, then the entry in the symbol table 
would be 

41C3 unresolved jump reference entry 
0300 (in the symbol table). 

The right byte of the unresolved jump instruction will indicate 
reach to the next previous unresolved jump instruction to the 



the 



same label, or be assigned a byte value of -1, 
previous unresolved jump instruction to the same label. 



if there is no 



4.6 INSTRUCTION SUBSET 2 



Initialization of the Workspace Pointer 

The first instruction of Subset Number 2, summarized in the 
Instruction Summary 4-1, allows the programmer to set the workspace 
pointer to any desired value. 



1 -t n 
i / / 



LOAD WORKSPACE POINTER IMMEDIATE 



LWPI 



CODE: LWPI lOP 



RESULT: lOP 



;wp) 



1 21 31 41 51 61 71 81 9|10| 11 |12|13| 14|1 5 

T I ^^ \ I \ r1 n — I — I — I — I — I — 

02E0ifi I 01 01 01 01 01 01 II 01 II II II 01 o| 0| 0| 0| 



Immediate Operand (16-bit) 



Length: 2 words 



STATUS 
REGISTER; 



I 01 II 21 31 41 51 61 71 81 9|10|11 |12|13 I14I15I 



Not Affected 



OPERATION : 

Replace the contents of the workspace pointer (WP) register with an immediate 
operandjepresenting the beginning address of 16 contiguous words to be used 
as the workspace. This changes the current workspace pointer. 

NOTES: 

The LWPI instruction is typically used as the initial instruction for a stand- 
alone program. A stand-alone program is one that does not depend upon any util- 
ity program or operating system for any of its functions. If the program is 
the only one in the machine, then one must set the workspace pointer upon init- 
1 a! ^execution to ensure that the workspace pointer is pointing to the proper 

If programming in conjunction with an operating system, then typically the work- 
space pointer is set by the operating system. With theUNIBUG monitor, the user 
can set the workspace pointer using the W command prior to program execution or 
he can set the workspace pointer using the LWPI instruction as the first instruct- 
tion of the program. It should also be noted that the previous contents of the 
workspace pointer register is lost without recovery, unless it is saved prior 
to execution of this instruction. 

Example: 

LWPI >03B2 INITIALIZE WP TO >03B2 



Instruction Summary 4-1 
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Byte Instructions--Manipu1ation and Arithmetic 

There are six instructions which deal only with byte operands 
{see Table 4-1). The first three of these have counterparts in 
word instructions already discussed in Chapter 3. Their operation 
is the same as with their word counterparts, except the operation 
is on a byte basis. Each of the six byte instructions has the 
same machine code format as that discussed with the Move Word, 
Add Words, and Subtract Words instructions. 

In fact, there are 12 instructions which share thi s same machine 
code format, six of which are word instructions and the other six 
byte instructions. Each byte instruction has several distinctive 
features which should be carefully noted. These instructions occur 
in functional pairs. The first pair consists of the Move Word 
and the Move Bvte instructions. The Move Byte instruction is the 
byte 
mary 4-2. 



Byte 
coum^erpan to unc nuvc nwiu i nb ^i mi- >» ■ v,.. 



<;c»p T n<;t.riif:ti on Sum- 



The next byte instruction to be considered is the Add Bytes. 
This instruction allows one to add bytes, and its operation is 
similar to that of the Add Words instruction. Its highlights are 
given in Instruction Summary 4-3. 

The third byte instruction to be considered is the Subtract 
Bytes instruction. It is a counterpart to the Subtract Words in 
struction and is summarized in Instruction Summary 4-4. 



one may 



With one exception, the OP status bit is affected only by 
call "true" byte instructions. All instructions which 



what 
are 



only for byte operations end their name with the word byte or bytes, 
and the corresponding mnemonic opcode always ends with a B to indi- 



"r.t-Q "•"his. Furthermore, the reader should 
tions work on "byte-tight" compartments. 



note that byte instruc- 



Table 4-1. Byte Instructions 
(Byte operands only) 



MOVB 

AB 

SB 



CB 

SOCB 

SZCB 
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MOVE BYTE 



MOVB 



CODE: MOVB S,D 



DOOOi 



RESULT; 



(S) -♦(D) 
byte 





I 01 


11 


21 


31 


41 51 61 


71 81 


9|10|11|12|13|14|15| 


16 


1 1 
1 11 


1 
11 


1 
01 


1 
11 


1 1 1 
Tn 1 


1 1 


1 1 1 1 1 1 

1 T,; 1 Re; 


1 
1 




1 


Source {or Destination) 


Memory Reference 


1 
1 








Des^tj^nation 


Memory Reference 


■ T 
1 



Length: 1 or 2 or 3 words 



I 01 II 21 31 41 51 61 71 81 9|10| 11 | 12| 13I14I15I 

STATUS I I I I f— r 

REGISTER: |L>|A>|EQ| |0P| l 



OPERATION : 

The destination operand (8 bits) is replaced with a copy of the source operand 
(8 bits). The 8-bit operand is compared with zero and the L>, A> and EQ status 
bits are correspondingly affected. The number of ONE' s in this operand are 
counted and the odd parity (OP) bit is set to ONE if this count is odd and to 
ZERO if even. 



NOTES : 

The MOVB instruction is used to move or copy a byte from one general memory lo- 
cation to another general memory location, and is specifically needed when one 
needs to manipulate byte operands rather than word operands. One should also 
note in conjunction with this byte instruction that a particular status bit is 
affected which was not affected by the correspondinq word instruction, i.e. the 
odd parity status bit (OP). The odd parity status bit is specifically related 
to byte instructions. TheOP status bit resulting from this instruction can be 
used to generate and check odd and even parity of ASCII characters. 



Example: 



(1) MOVB (?>041E,PHM+1 

(2) MOVB (3>041F,@HM 



Memory 





Before 


After 


U41L 


lED 1 Dl 


ED DI '1 






(1)\ /(2)| 


HM 


1 - 1 - 


Dl ED 1 



Instruction Summary 4-2 
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ADD BYTES 



AB 



CODE: AB S,D 



BOOO 



16 



01 11 21 31 41 51 61 71 81 9ll0lll|12ll3|14115l 

1 I I I I I I 

II 01 11 11 Tp I R 



I Tc I 



Source (or_D^sti£ationj_ MenroryJ<eferen£e_ i 

J T 

RESULT : { S ) + ( D ) ► ( D ) \_ Destination Memory_Ref er ence 1 

byte ^ o J 

Length : 1 or 2 or 3 words 

1 01 11 21 31 41 51 61 71 81 91 10lllll2|13ll4ll5l 

STATUS 1 I 1 I I 1 I 
REGISTER: 1L>IA>|EQ1 C|OV|OPl _1 







A L U 



MS BVTE 

Cm - 



r — conp = 
MS 






OPERATION : 

The source operand {8-bits) is added to the destina- 
tion operand {8-bits) and the resulting sum (8-bit) 
replaces the destination operand. 

The 8-bit result is compared with zero and the L>, 
A>, and EQ status bits are correspondingly affected. 
The addition operation based upon 8-bit values 
affects the C and OV status bits. 

The number of ONE's in the resulting byte are counted 

and the odd parity (OP) bit is set to ONE if the count is odd and to ZERO if even.^ 

if even. 
NOTES: 

Thi«; instruction allows one to add signed 8-bit numbers (in the range -128 
Io'l2?) rathe? than 16-bit numbers-ltUIed with the Add Words instruction. 
Furthermore, when addressing bytes, reference to a workspace register causes 
the 8 leftmost bits of that workspace register (which is the even byte to 
be used as the operand. This is true because a register number is simply a 
pseudonym for an even memory address. For example, suppose the workspace pointer 
contains >4200, and one refers to RO in a byte instruction. Since RO is a 
pseudonym for >4200, then the reference must be to the memory byte addressed 
>4200 and not to the byte >4201. This applies to all byte instructions. 



Example: 
AB R2,R3 
AB @>4200,@>4201 



ADD LEFT BYTES OF R2 AND R3, PUT RESULT IN LEFT 

BYTE OF R3. 

ADD LEFT BYTE OF MEMORY LOCATION >4200 

TO RIGHT BYTE OF MEMORY LOCATION >4200 (i.e. 

>4201); AND PUT RESULT IN >4201 

Instruction Summary 4-3 
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SUBTRACT BYTES 



SB 



I 01 II 21 31 41 51 61 71 81 9I1QI11 I12I13I14I15 



CODE: SB S,D 



7000ig I 01 II II II Tn I Rr 



I Tc 



T 



Source Xoir D^e^t2na_t ion) Memory Reference 



RESULT: (D) - (S) — ►(D) J_ _ _Oestijiati o^n Memory Reference 

byte 

Length : 1 or 2 or 3 words 

I 01 11 21 31 41 5! 61 71 81 9jl0|ll |12| 13|14|15I 

STATUS 1 I I I I \ I — f 

REGISTER: |L>|A>|EQ| C|OV|OP| l 



T 



OPERATION : 

The source operand (8-bits) is subtracted from the 
destination operand (8-bits) and the resulting differ- 
ence (8-bits) replaces the destination operand. The 
8-bit result is compared with zero and the L>, A>, 
and EQ status bits are correspondingly affected. The 
subtraction operation affects the C and OV status 
bits based upon 8-bit values. The number of ONE's 
in the resulting byte are counted and the odd parity 
(OP) bit is set to ONE if the count is odd and to 
ZERO if even. 

NOTES: 




R7 



^^X^ 




CY,OV, 



MS Wl^ 

■C.N "I 

J— -COMP ■-- / 



ALU 

"L jLOC 247 
kW ' 



The Subtract Bytes instruction is used to subtract signed 8-bit integers. These 
numbers are in the range of -128 to +127. One can use the subtract instruction 
to clear an operand. For example, to clear both bytes of register one could 
write: S RO.RO which would cause both bytes of RO to be set to 0. The Sub- 
tract Bytes instruction can be used similarly. For example, to clear the left 
byte of RO only, one may write: SB R0,R0 which will clear only the left byte 
of RO and will not affect the right byte. The subtract bytes instruction could 
be used similarly with any of the addressing modes to clear only one of the two 
bytes of a particular word. This is significant because there is a special 
clear instruction for word operands, but not for byte operands. 



Example: 
SB @>0241,R7 

SB @>402,@407 



SUBTRACT RIGHT BYTE OF MEMORY WORD >240 FROM 
LEFT BYTE OF R7 AND PLACE RESULT IN LEFT BYTE 
OF R7 

SUBTRACT LEFT BYTE OF MEMORY WORD >402 FROM 
RIGHT BYTE OF MEMORY WORD >406 AND PLACE 
RESULT IN RIGHT BYTE OF' MEMORY WORD >406. 

Instruction Summary 4-4 
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COMPARE WORDS 



CODE: C S,D 



8000 



15 



01 II 2 1 31 41 51 61 71 81 9|10|11 112|13|14|15| 
1 1 1 I I I 1 



11 Oi 01 01 T^ I Rp I Tc; L 



R. 



T 



Source_(or_Destijiati o^nX Meniory_Ref eren£e_ _j_ 

^^^= luf affected. r"]^lDesMMn,ori Reference i 

Related T ruth Eqn's « o ..^. 

— Length : 1 or 2 or 3 words 

L>:=[(S)>(D)] (logical) 
A>:=[(S)>{D)] (arithmetic) 
EQ:=[{S)=(D)] 

1 01 II 21 31 41 51 61 71 81 9110111 1121131141151 

STATUS 1 I i r~~ ~ ! 

REGISTER: iL>iA>iEQi L 



CHECK RESULT: ^_____ 
SET, RESET \LOC 32C 
ST BITS ^ . ft / 




CY.OV, 



OPERATION : 

The source operand is compared to the destination op- 
erand and the L>, A>, and EQ status bits are set or 
reset accordingly. 

The L> status bit is set to ONE if the source word is 
logically greater than the destination word; otherwise 

it is reset to ZERO. 

The A> status bit is set to ONE, if the source word 
is arithmetically greater than the destination word; 
otherwise it is reset to ZERO. 

The EQ status bit is set to ONE, n tne source woru i^ cMua. ^o ...^ ^^. 

word; otherwise it is reset to ZERO. 

The result can also be represented by indicating that the destination operand 
s eSuivalently subtracted from the source operand and the result compared with 
zero (as usuaU and three status bits affected with the result being discarded 
(assuming overflow does not occur). 

(3 status bits affected) 
NOTES: 

The Compare Words instruction is a very important one, if the P^og^^^^l^ "f^f 
to compare two 16-bit operands to each other rather than to zero. Normally, 
the next instruction is a conditional jump. 



Example: 

C R2,@>032C 
JEQ CK 



COMPARE (R2) WITH (>032C) AND 
JUMP IF EQUAL TO LOCATION CK 

Instruction Summary 4-5 
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Compare Instructions 




. . Compare Words Instruction . The first of these three comoare 
instructions of a general type is the Compare Sords i-nstruction 
which IS presented in Instruction Summary 4-5. instruction 

tinn ^; O'^^^'^to ensure success in using the Compare Words instruc- 
tion the programmer should remember the following three questions 
in relation to how the status bits are set. questions 

Is the source operand logically greater than the destin- 
ation operand (i.e., in absolute terms)? "^ 

?« + ^!u^"?'^^r \^ ^^lis question means the instruction will 
set the logical greater than status bit (L>) to ONE. 

Is the source operand arithmetically greate r than the des- 
tination operand? " ^ — =■ 

A yes answer to this question means the instruction will 
set the arithmetic greater than status bit (A>) to ONE. 

Is the source operand equal to the destination operand? 

A yes answer to this question means the instruction will 
set the equal status bit (EQ) to ONE. 

It is essential for the programmer to get the order of the two 
operands correct, if this instruction i s to be used successfully 
Several examples of results from the operation o^the Compare Wori 



tho J^^ machine code format for the Compare Words instruction uses 

Subtrac? Wn^nf fH^^'K^^^'^.^r ^' ^°"^ ^^^'^ ^dd Words, Add Bytes, 
subtract Words, and Subtract Bytes instructions. 

anow^°7tf/^ ^^^^^ Instruction. The next instruction. Compare Bytes 
?wo nLo.A P-^^ST-aninier to compare bytes, rather than words, from 
two general memory locations. This is helpful for byte-oriented 
data. See Instruction Summary 4-6. urientea 
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Table 4-2. Results of Compare Words Instruction 
Operands 



Resul ti ng 
Status Bits 



( Source) 


(Destination) 


L> 


A> 


EQ 


7FFF 


0000 




1 





FFFF 


0000 










8000 


0000 










8000 


7FFF 










7FFF 


r\ r\ n n 

ouuo 




1 

X 


n 


7FFF 


7FFF 








1 



Compare Immediate Instruction. 



Another compare instruction. 
Compare Immediate, allows the programmer to indicate a specific 
number (lOP) to be compared to the contents of a register without 
using an additional register. This instruction is the third of 
five compare instructions. Futhermore, it is fourth of five 
instructions with "Immediate" as part of its name indicating an 
-• — ^J4^4.« /^»^v<r>n^ a <- +h/i car-nn/i wnvri r> f thp 1 n <: t. rij r t.i o n . See 

Instruction Summary 4-7. 



More Jump Instructions 

In the previous chapter, jump instructions were i ntroduced and 
the JMP and JGT instructions were discussed in detail. As was 
previously i ndicated, there are 13 different jump instructions (see 
Table 3-2). Three more jump instructions: JEQ, JNE, and JLT will 
now be introduced. 

Recall that jump instructions use PC relative addressing. The 
jump instruction contai ns an 8-bi t si gned f iel d call ed a displacement. 
This displacement is in words. When the jump is taken, this dis- 
placement (in bytes) is added to the contents of the PC (in bytes) 
which is then pointing at the next instruction, and the result 
placed as the new value for the PC. It is important to note that 
when the displacement value is added to the contents of the PC, the 
machine code displacement value (in words) must first be doubled 
(converted to the number of bytes). 
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COMPARE BYTES 



CB 



CODE: CB S,D 



9000 



16 



01 II 21 31 41 51 61 71 81 9|10|11|12| 13|14 |15| 
I I I I I I I I I I I I I I I I 



II 01 01 II Tn I 



I Tc I 



Source Xojr D.e£t2n£tioji )_Menior^ ^^L^L^I}P1 



RESULT : Four status 

bits affected. T~ 

Related Truth Eqn's J Destin^ati on_Memor^ i^jfer^enc^ 



T 



L>:=[(S)>(D)] (logical) 
A>:=[(S)>(D)] (arithmetic) 
EQ:=[(S)=(D)] 
OP:=(S){odd number of ONE's) 



Length : 1 or 2 or 3 words 



STATUS 
REGISTER: |L>|A>|EQ| 



I 01 II 21 31 41 51 61 71 81 91101111121131141151 



I OP 



OPERATION : 

The source operand (8-bits) is compared to the desti- 
nation operand (8-bits) and theL>,A>, and EQ status 
bits are set or reset accordingly. The OP status bit 
is also affected based on the source operand. 

The L> status bit is set to ONE if the source byte is 
logically greater than the destination byte; other- 
wise, it is reset to ZERO. 



CHECK RESULT: 
SET, RESET 
ST BITS 




CY,OV, 



The A> status bit is set to ONE if the source byte is 

arithmetically greater than the destination byte (considering these as signed 

8-bit integers); otherwise, the A> status bit is reset to ZERO. 

The EQ status bit is set to ONE if the source byte is equal to the destination 
byte; otherwise, it is reset to ZERO. 

The OP status bit is set to ONE if the number of ONE's in the source byte is 
odd; otherwise, it is reset to ZERO. 

NOTES: 

The Compare Bytes instruction is the eighth of the twelve instructions discussed 
thus far which have the same format of general source and general destination. 
Normally, the CB instruction is followed by a conditional jump. 



Example: 

CB 0>O21B,R6 
JGT $+6 
AI Rl,10 



COMPARE LS BYTE OF (>21A) WITH MS BYTE OF R6 
SKIP NEXT 2 WORDS IF GREATER 
OTHERWISE ADD 10 TO (Rl) 



Instruction Summary 4-6 
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COMPARE IMMEDIATE 



CODE: CI R,IOP 



CI 



I 01 II 21 31 41 51 61 71 81 9|10|11 |12|13|14il5| 



0280 



16 



1 01 0! 01 01 01 01 11 01 11 01 01 01 

T 
I lOP 



T 



Kt5ULI 



inree iuauu^ 
bits affected. 
Related Truth Eqn's 



Length : 2 words 



L>:=[(S)>(D)] (logical) 
A>:=[{S)>{D)] (arithmetic) 
EQ:=[(S)=(D)] 

I 01 11 21 31 41 51 61 71 81 91101111121131141151 



STATUS 



.. ii^lK^lrrtl 

KtbibltK: |L/>|rt^|in^i 



CHECK RESULT: 
SET, RESET 
ST BITS 



TO? 



OPERATION : 

The contents of the indicated register are compared 
to the 16-bit immediate operand and the L>, A>, and 
EQ status bits are set or reset accordingly. 

The L> status bit is set to ONE, if the contents of the 
register are logically greater than the 16-bit immed- 
iate operand; otherwise it is reset to ZERO. 

The A> status bit is set to ONE, if the contents of the 
register are arithmetically greater than the 16-bit 
immediate operand; otherwise it is reset to ZERO. 

The EQ status bit is set to ONE, if the contents of the register are equal to 
the 16-bit"immediate operand; otherwise it is reset to ZERO. 

The result can also be represented by indicating that the immediate operand 
is equivalently subtracted from the contents of the register and the result 
compared with zero (as usual) and three status bits affected with the result 
being discarded (assuming overflow does not occur). 




AW 



(S) - (D) 
(3 status bits affected) 



NOTES: 



The Compare Immediate instruction is a very important one. if the programmer needs 
to compare the contents of a register to a specific number. Its use avoids the 
requirement to load the specific number into a register and the specific number 
is visible as part of the instruction. Generally, the next instruction is a 
conditional jump. 



Example: 



CI R2,>032C 
JEQ CK 



COMPARE (R2) WITH >032C AND 
JUMP IF (R2) EQUAL TO LOCATION CK 

Instruction Summary 4-7 
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MNEMONIC CODE 



SLA R9,4 



MACHINE CODE 
0A49 



Before: R9: 7ABF 0111 



1010 



1011 



1111 



A- X 



After: R9: ABFO 



1010 



1011 



nil 



0000 



•ZERO FILL 



Figure 4-4. Illustration of SLA Operation 

,, The Jump if Equal (JEQ). The Jump if Equal (JEQ) instruction 
allows the programmer to test the EQ status bit. It causes a modi- 
fication in the program counter if the EQ status bit is ONE- other- 
wise the transfer of control will not occur and the next instruction 
will be fetched and executed. Typically, JEQ is used to test if a 
number is zero. Details are presented in Instruction Summary 4-8. 



The Jump if Not Equal (JNE) . 
struction also allows one to test 
shown in Instruction Summary 4-9, 
when the EQ status bit is ZERO. 



The Jump if Not Equal (JNE) in- 

the EQ status bit. However, as 

the transfer of control occurs 



The Jump if Less Than 



instruction completes the 



(JLT) . The Jump if Less Than (JLT) 
,,^^ .. ^ .. ^^ .P^^'^ °^ arithmetic status bit tests (JGT 
wasdiscussed in Chapter 3). It allows one to test for negative 

IhT !^A;^ i\""^^^ ^ J^^^P t° occur when the arithmetic greater 
than (A>) status bit is zero, ajid the EQ status bit is zero. In 
ettect. It means jump if negative. The JGT and JLT 
^T& the only two jump instructions which test the 



instructions 
status bit. 



u, ^ .Mc u.Mjr Lwu jump instructions which test the A> status bit. 
Instruction Summary 4-10 provides, the detailed description for the 
JLT instruction. 



Addition Instructions 



^^.. Shift Left Arithmetic. The next i nstruction, Shi ft Left Arith- 
'"^^^c* IS a very powerful instruction. This instruction allows the 
programmer to do multiplication of signed numbers by powers of 
two. Plus, It allowshimto shift bits to the 1 eft , thus rearranginq 
digits viewing them logically. See Figure 4-4. Details are 
provided in Instruction Summary 4-11. t^i-cjus are 
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JUMP IF EQUAL 



JEQ 



I 01 II 21 31 41 51 61 71 81 9|10|11 |12|13|14|15| 

I i i i i i I I I i i i I i i I I 

CODE : JEQ Location ISOO^g I 01 Ol Ol H Ql Ql H H Displacement (words) I 



LCIIVJ Xn. J. wOl U 



RESULT : If EQ = 1, (PC) + Displacement in bytes — ►(PC) 
If EQ = 0, (PC) unchanged 



STATUS 
REGISTER; 



OPERATION: 



I 01 II 21 31 41 51 61 71 81 9|10|11 |12|13|14|15| 

1 I 

I Not affected I 



When the equal status bit (EQ) is set to ONE, the 
signed displacement (in bytes) in the instruction 
(8-bit field) is added to the PC and the result is 
placed in the PC; otherwise the PC is not affected 
by the instruction. The status register is not 
affected by the instruction operation. 



JEQ, JNSTR 




NOTES: 

Ti»/N ^.■mr^ nf Cniial •{ nc + ^i i/«+ 1 An 1 c iicoH flnu 1 1 mp nne rle*iirp<; to iyniD when the 

equal status bit (EQ) is set to ONE. See the example below. 
Example: 

C R4,R5 COMPARE (R4) TO (R5) 

JEQ TP IF EQUAL, JUMP TO LOCATION TP 

OTHERWISE, EXECUTE NEXT INSTR 



Instruction Summary 4-8 



189 



JUMP IF NOT EQUAL 



JNE 



CODE: JNE Location 



II 21 31 41 51 61 71 81 91101 11 I12I1 3I14I15I 

I I I I I I I I I I I I I I I I I 

I6OO16 I Ql 01 01 II 01 II II 01 Displacement (words) I 



RESULT: If EQ = 0, (PC) + Displacement in bytes 
If EQ = 1, (PC) unchanged 




STATUS 
REGISTER: 



01 II 21 31 41 51 61 71 8! 9|10|11|12|13|14I15I 



Not Affected 



JWE WSTR 



VIS? 



^^C^^ 



x2 
SIGH EXT 

COMP = 



OPERATION : 

If the EQ status bit is ZERO, then the signed dis- 
placement (in bytes) of the machine code instruction 
is added to the contents of the PC and the sum placed 
into the PC; otherwise, the PC is unchanged. 

NOTES: 

Use the JNE instruction to test the EQ status bit for 
ZERO. For example, it can be used to implement a loop. 

A counter (memory location or register) can be loaded with a number indicating 
the number of times the loop is to be executed. Each time through the loop, 
the number in the counter is decremented. The JNE instruction is used to test 
the number in the counter and continue the loop if it is non-zero. When the 
counter value becomes zero, execution "falls" through to the next block of 
instructions. 




Example: 



LP 



NX 



LI Rl,1500 
DEC Rl 
JNE LP 
NEXT 



INITIALIZE DELAY COUNTER Rl WITH 1500in 
DECREMENT COUNTER ^^ 

JUMP BACK TO LP IF (Rl) <>0 
OTHERWISE, DELAY COMPLETED, EXECUTE NEXT 
INSTRUCTION 



Instruction Summary 4-9 
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JUMP IF LESS THAN 



JLT 



CODE: JLT Location 



I 01 I I 21 31 41 51 61 71 81 9|10|11 |12|13|14115| 

I I I I t i i 1 I I I M I 1 I r 

1100. fi I 01 01 01 11 01 01 01 11 Displacement (words) 1 



'16 






RESULT: If A> = and EQ = 0, (PC) + Displacement in bytes 
Otherwise, (PC) unchanged 



PC) 



STATUS 
REGISTER: 



OPERATION: 



I 01 1 1 21 31 41 51 61 71 81 91101111121131141151 

1 7" ^ 

I Not Affected 



JLT WSTR 
VIS?] 



If both the A> status bit and the EQ status bit are 
ZERO, the signed displacement (in bytes) is added to 
the contents of the PC and the sum placed into the 
PC; otherwise, the PC is unchanged. 



NOTES: 




The JLT instruction is used to test for negative num- 
bers. It can be used to implement a loop by setting ^., ^^ 
the initial count to some negative number, then continuing until the counter 
Joes ?i zero. Thus, the JLT instruction can cause the loop to continue, and 

^-, 4.---_ i~ -~ *-^ 4-u« «ov+ hir»/-^ uihon 7Prn is reached. 

allows execution uu yu uw i-nc nc/vu v^.^^.^ w..^.. — ~ 



Example: 

LI R1,>FF01 
LP INC Rl 

JLT LP 

NEXT 
NX - 



INITIALIZE DELAY COUNTER TO -255io 
INCREMENT COUNTER 
JUMP BACK TO LP IF (R1)<0 
OTHERWISE, DELAY COMPLETED, EXECUTE 
NEXT INSTRUCTION 



Instruction Summary 4-10 
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SHIFT LEFT ARITHMETIC 



SLA 



|-Q|-^| ^1 31 41 51 61 71 81 91101111121131141151 
CODE: SLAR,C OAOOi^ i^U^Uj^^ I I I I 

C places 

"l 14 m ^=^^^^'' ^"'''^ 
RESULT: 0-*— 



R 



X IX I Ix lx~[ ^«~ 

Register 



I 01 II 21 31 41 51 61 71 81 9|10|11 I12I13I14I15I 



STATUS 
REGISTER : iL>iA>iEQi ciovj 



OPERATION : 

Ihfftpf ?"^^ ?I ^^^ specified workspace register (including the sign bit) are 

Any^sign change during the shift process causes the OV status bit to be set 

thVshifTTount^ If tZ"^ IVr' ''r ''^ ^^'9^^ ' b^'t^ of RO are used as 
zne smrt count. If these 4 bits are also zero, then the shift count is 16. 

NOTES : 

Short delays since shifting takes a relatively long amount of tlJe Wcroseconis)? 
Example: SLA Rl,8 MULTIPLY CONTENTS OF Rl BY 256 (2 TO THE 8TH POWER) 



Before : Rl: |0001 | 0010 | 0011 I QJo ol 1234 



^16 



After : Rl: r0011 foiOO j^OOOO I OQOol 3400 

CY = 0, OV = 1 



16 
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BRANCH 

1 01 11 21 31 41 51 61 71 81 9ll0| llll2ll3114tl5| 

1 1 I 1 1 I i I i I ! I j 1 I I 

CODE- B S U44U16 I 1 01 01 Ol 01 H Ql 01 0» ^l "^^ ' h 1- 




Sou^r£e_Mem£r^ Reference 
RESyU: SA -►(PC) """ Length : 1 or 2 words 

[Source Address] 

STATUS 1 01 II 21 31 41 51 61 71 81 9 110111112113114115 
REGISTER: 



Not Affected 



OPERATION: 



Replace the contents of thePC with the source address (not the contents). This 
transfers control to the specified source address. 

NOTES: 

The Branch (B) instruction (also known as Branch Unconditional) allows one to 
trS controrihen the desired next instruction to be executed is out of 
reach of the JMP unconditional instruction. 

ThP Rranch instruction also provides a more versatile type of modification to 
Ihe or^rL counter^ all five of the general modes of addressing can be 

u ed O^ne'canSranch ti a particular memory address by "^^niory symbolic address- 
ing or absolute addressing rather than relative addressing) It also a lows 
one to branch to a location pointed to by the contents of the "^egister M.e., 
°"®.^° ° .JlrLA* ,^^.eee-!pn\ Thpsc two are the primary modes of addressing 
ulIiwith'thi-rpW^TcXr i;;tructfon. For example, if one needed to jump a 
inna d stance on the equal status condition and the reach were too great, then 
one^ou?5TritraJNE Ttructionto jump around the succeeding branch instruc- 
tion. This is equivalent to a "branch on equal. 



Example: 



JNE NX COMBINATION TO PERFORM 
B @DT BRANCH ON EQUAL OPER. 



NX 



Note that intheTMS 9980A instruction set. there are no conditional branch in 
structions. Further note, that a branch means long range and jump means short 
r^naf Another exa^^^ is the use of a branch with register indirect addressing, 
if on^wfretostoreTretirn address in a particular register prior to executing 
I h?nck of code then'T^^^^^ indirect on that register will return contro. to 
the dfsirld ^ockVon ThTs is generally a method empl oyed to implement subrou- 
tines, as is discussed in Chapter 8. 

Instruction Summary 4-12 
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With the SLA instruction, the sign bit is shifted along with 
!^cfA°nn^rN^^^An^"^u1'l9^^ "°^ ^^ preserved. The above illustration 
(SLA R9,4) will shift the contents of workspace register 9 four 
places to the left filling the vacated bits with zero. This will 
in effect, multiply its contents by 16. If this arithmetic operation 
IS not successful, i.e., the resulting number is too large then 
the OV bit will be set to ONE to indicate this. Register 
Its right four bits) can be used to implement a variable 
count. This occurs when the count in the 



as zero, then the right four bits of register 
the appropriate shift count. If these four 



(with 

shift 

i ndicated 



zero, then sixteen is the 
means that register has a 



shift count, 
special use. 



instruction is 
are used to determine 
bits contain the value 
To the programmer this 
Take note. 



f *u c^^ interesting to observe what occurs when the shift count 
?rnn. ^"^^^"^^^"°" ^^ ^®''° ^"^ ^^^ right four bits of RO are all 
ZERO s. The contents of the shifted register will go to 0. The 
least-significant bitwill be placed in the carry bit. The OV status 
bit will indicate if any of the 16 bits shifted were a binary ONE. 
The instruction requires several microseconds to execute so it 
may be useful in this mode to introduce a slight delay, if desired. 

Try a program segment to illustrate the execution of the SLA 
instruction. Enter the assembler with the A command followed by 
-^00. This causes the assembler to display 0200. Enter 
ing lines of code and terminate each line with a 
optional). Respond to each object code display with 



the follow- 
Ret (comments 
an Ret. 



ST LI R9,>ABCD 

B SLA R9,4 

C JMP C 

D END ST 



The resulting object will be 



LOAD R9 WITH 

SHIFT LEFT 4 

SPIN 

END DIRECTIVE 

(START AT ST) 



>ABCD 
PLACES 



Location 

0200 
0202 
0204 
0206 



Object 

0209 
ABCD 
0A49 3 
lOFF 



Now after 
set WP to 280 
with the P command, 
the program with the 
the LOAD switch and 
tion of the SLA instruction by 
contents which should be >BCDO (with 



a return to UNIBUG as a result of the END directive, 

15 with the W command and verify that PC is at >02o6 

Inspect R9 with the R command. Now execute 

E command, and return to UNIBUG by activating 

depressing the (Ret) key. Verify the execu- 

inspecting R9 and observing its 

WP set to >280). 



Branch Instruction. The Branch 

any location 



to branch directly to" 



instruction allows the program 
in memory. It corresponds to 
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the JMP instruction, in that the change in the program counter 
occurs regardless of the contents of the status ^^^gister. There 
are no conditional branch instructions. It differs from the JMP 
instruction in that the instruction points di rectly to the specific 
destination rather than changing the program counter rel ati ve to the 
current location. For short-range program counter changes, both 
B @A and JMP A accomplish the same result, except B @A i s a two-word 
instruction and JMP A is a one-word instruction. For long-range 
changes in the program counter, the B instruction is the only option 
{long-range means beyond the reach of the jump instructions). 



f the current instruction is at location >280 and it is necessary 
nsfer program control to location >300,then it is in range of 



to transfer prog 
a jump instruction. 

Exampl e: 

Location 



Object 



Instruction 
TCTB TTrrn 



If in contrast the need is to transfer control 
the required reach is >108 bytes (LC) or >83 words 
limit being >7F. Since the reach is too great, 
to be implemented with a B instruction: 



to >388 then 

PC) with the 

it would need 



Location 
0280 



Object 

0460 

0388 



Instruction 
B 0>388 



See further highlights of the 
Summary 4-12. 



B range instruction in Instruction 



4.7 MEMORY MAP 

The memory map for the TM 990/189, shown i n Fi gure 4-5, indicates 
where the various segments are located in memory. ^ key locat on 
to remember is the user entry (or return) point to UNIBUG which 
is: >3000 (for SystemROM REV.B). This may vary with other revisions 
of the System ROM. 

The University Board's memory is laid out with areas for 

" System RAM 

° Assembler Symbol Table* 

" User RAM 

" On-board Expansion RAM 

° On-board Expansion ROM 

* Off-board Expansion ROM and RAM 

** System ROM. 

*The assem bler Symbol Table requires additional system RAM during 
the operation of the symbol ic assembl er, but this space is available 
to the user's at other times (indicated by the line at >146), and 
it should be noted that the length of the Symbol Table is purely 
a function of the user's source program. 
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4.8 FTNl PROGRAM REVISITED 



The program discussed in Chapter 3 to calculate [4(N1-N2)]2 
n be used to illustrate the use of some of the instructions and 
ncepts presented in this chapter. The LWPI instruction can be 
used to set the WP during program execution. The SLA instruction 



ca 

CO 




The FTNl program in Chapter 3 is listed be! 



ow. 





MOV 


R1,R4 




S 


R2,R4 




ABS 


R4 




A 


R4,R4 




A 


R4,R4 




MOV 


R4,R5 


LP 


A 


R4,R0 




S 


R3,R5 




JGT 


LP 


OU 


JMP 


OU 



FORM DIFF: N1-N2 IN R4 
FORM ABS VALUE OF DIFF 
MULT DIFF BY 4 BY ADDING 

TO ITSELF TWICE 
SET UP LOOP CTR 
ADD 4 IDIFFI TO RESULT 
DECR LOOP CTR 
JUMP IF LOOP CTR + 
STOP 



This FTNl program is slightly revi sed and pi aced in assembl er format 
as shown below. Recall that assembler syntax requires that only 
one space is used between the mnemonic opcode and the operand. 



UNIBUG RETURN 

INIT WP 

CLEAR RESULT ACCUM. 



MULT. DIFF BY 4 



DEC LOOP CTR 





AORG >200 


UB 


EQU >3000 


GO 


LWPI WS 




CLR RO 




MOV R1,R4 




S R2,R4 




ABS R4 




SLA R4,2 




MOV R4,R5 


LP 


A R4,R0 




DEC R5 




JGT LP 




B @UB 


WS 


DATA 0,5,2 




BSS 26 




END GO 



{R0)=0, {Rl)=5, (R2)=2 
26 BYTES FOR R3-R15 



funrt?on^rc .H^" be assembled and executed. It performs the same 
r.nll ^11^^ earlier program in Chapter 3. Different data items 
can be used by simply changing the contents of Rl and R2. (The 
W command should be used to set the workspace pointer to the address 
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SYSTEM 
RAM 


0000 




ASSEMBLER 
SYMBOL TABLE 


0146 




USER RAM 


0200 
03FE/03FF 




ON-BOARD 
EXPANSION RAM 


0400 
07FE/07FF 




ON-BOARD 
EXPANSION ROM 


0800 
OFFE/OFFF 




OFF-BOARD 
EXPANSION 
RAM & ROM 


1000 
2FFE/2FFF 


3000 

USER 
ENTRY POINT 
FOR UNIBUG 
(REV. B) 


SYSTEM ROM 
(UNIBUG & ASSEMBLER) 


3000 
3FFE/3FFF 



Figure 4-5. TM 990/189 Board Memory Map 
4.9 PROGRAM EXAMPLE: SORT ALGORITHM 

Program Idea 

The program idea is to sort a list of numbers in memory into 
arithmetic (or algebraic) order so that the greatest number is 
first, and the second greatest i s second, and the 1 east val ue is last. 

The Sort Algorithm 

The algorithm demonstrated for this sort is the repl acement 
type. The approach takes the first item on the list, compares it 
with the second item and determines which is greater. If the first 
is not greater than the second, swap the two. Then compare the 
first with the third; and swap, if necessary. Continue to compare 
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the first with the fourth, etc. Finally, after a comparison is 
made between the first and the last numbers in the list (and swapped 
if..necessary), the greatest value will befirst. The second greatest 
value is determined by comparing the second value in the list with 
the third and swapping, if necessary. The second is compared to 
the fourth, etc., until the second greatest is in the second slot. 
This continues unti 1 , f i nal ly , the next-to-the-1 ast slot i s compared 
with the last slot and swapped, if necessary. At this point, the 
program terminates. 

Program Specification 

The program specification can be stated as follows. 

Write a program to implement the replacement sort algo- 
rithm. The word file to be sorted is located from memory 
location >0300 to >031E. Sort this file so that the 
greatest arithmetic number resides in location >0300. Use 
register indirect auto increment addressing wi thin the pro- 
gram wherever possible. Conclude the program with a branch 
to the UNIBUG monitor entry point. Use the following 
list of numbers to test the sort (enter into locations 
>300 through >31E). 

1, 2, >30, >400, 8, >1600, 6, >8000, 

•20, >2000, 7. 10, 15, 17, >E, >FFFE. 

Location Number 

>300 1 

>302 2 



>31E >FFFE 



Program Flowchart 



To develop the program, a flowchart is constructed as shown in 
Figure 4-6. This flowchart indicates that the first step is to 
initialize the workspace pointer, since this program is to be imple- 
mented as a stand-alone program. Furthermore, the fl owchart reflects 
the concept of using two pointers to implement the algorithm. The 
master pointer points to the current slot where the greatest value 
will be placed in this particular "pass," while the inner pointer 
points to the next and subsequent items to be compared with this 
initial item. The master pointer is i ni tial ized to the address 
of the beginning of the file, and on each pass the inner pointer 
IS reinitialized to equal the master pointer. There is no need 
to compare the initial item with i tsel f; therefore, the inner pointer 
IS incremented to the next item at the beginning of each pass. 
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START 



PROGRAM NOTES: 



i 



Initial ize 
Workspace Pointer 



Initial ize 
Pointer to Bottom 
of Sort File 



1. Sort File: >0300 - >031E 

2. Master Pointer in R2 

3. Inner Pointer in R3 

4. Use Rl as temporary loc 

5. Use RO for pointer to 
bottom of file 



RESET 



Initial ize 
Master Pointer to 
Top of Sort File 



Reset the 
Inner Pointer from 
the Master Pointer 



I 



Increment 
the Inner Pointer 
to the Next Item 




Increment 

the Inner 

Pointer 



Increment the 
Master Pointer 





Swap the 
two items 



Figure 4-6. Replacement Sort Program Flowchart 
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The comparison can be accomplished by the compare instruction. The 
incrementing of the inner pointer can be accompl i shed using register 
indirect autoincrement. 

To swap two values, three locations must be used. In this 
program, register four is used as an intermediate storage point. 
In the swap routine an autoincrement has already been performed 
on the inner pointer; therefore, it is necessary to index back 
with an offset of -2 to be able to pick up the appropriate item 
to be swapped. After each comparison of the items being sorted, 
the inner pointer value must be compared with the address of the 
last item in the file, to determine if the inner pointer is now 
greater than the address of the end of the file. If it is, then 
the current pass has been completed and the highest item in the 
string of compari sons has been determi ned. At this point, the master 
pointer is moved (by incrementing) to the next slot in the file 
where a check is made to determi ne if the master pointer is pointing 
to the end of the file. If so the program terminates. Otherwise, 
the inner pointer is reinitialized and another pass is begun. 

Source Code 

The source code for implementi ng the replacement sort is given 
in Figure 4-7. Observe that the initialization of the workspace 
pointer is directly implemented bytheLWPI instruction. The master 
pointer is i nitial ized simply by using a Load Immediate instruction. 
The inner pointer is initialized by moving the value in the master 
pointer to the inner pointer. The test for one number being arith- 
metically less than the other is accomplished by using the Compare 
Words instruction with the Jump If Greater Than instruction. The 
inner pointer is incremented by using regi ster indirect autoincrement 
addressing with the Compare Words instruction. The inner pointer 
and the master pointer are compared with the limit value (stored 
in a register) by using the Compare Words instruction. 

Generation of Object Code 

To begin the assembly of the source code, enter the letter 
A on the terminal while under UNIBUG monitor control. This causes 
UNIBUG to transfer control to the assembler at which point, the 
programmer can enter AORG >200 to set the location counter. 

Each 1 ine of source code is then entered in succession. Remember 
there is only one space between operation and operand fields. The 
last line of the source code consists of the END di recti ve fol 1 owed, 
optionally, with the start label (BG) if the programmer wants the 
program's starting address to be placed in the PC slot of the 
UNIBUG moni tor. The resulting object code 1 i sti ng from thi s assembly 
(using an off-board printing terminal) is given in Figure 4-8. 
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LABEL OPCODE/OPERAND 



COMMENT 



RS 



CP_ 



sw 



CK 



ws 



UB 


EQU >3000 


RETURN TO UN I BUG 






AORG >200 


SET PROGRAM ORIGIN 




BG 


LWPI WS 


INITIALIZE WP 






LI R0,>31E 


POINTER TO BOTTOM OF FILE 






LI R2,>300 


INITIALIZE MASTER POINTER 





MOV R2,R3 



INCT R3 



C *R2,*R3+ 



JGT CK 



JEQ CK 



MOV *R2,R1 



MOV @-2(R3)/R2 



MOV R1,@-2(R3) 



JEQ CP 



INCT R2 



C R0,R2 



JGT RS 



B @UB 



ESS 32 



END BG 



RESET INNER POINTER 



INCREMENT INNER POINTER 



COMPARE MASTER ITEM & INNER ITEM 



AND INCREMENT INNER POINTER 



NO SWAP IF MASTER ITEM GREATER 



NO SWAP IF EQUAL 



MOVE MASTER ITEM TO Rl 



REPLACE MASTER ITEM WITH INNER ITEM 



REPLACE INNER ITEM WITH MASTER ITEM 



C R3,R0 IS INNER POINTER JUST BEYOND LAST? 



JLT CP *IF NOT, 



GO FOR NEXT ONE 



INCREMENT MASTER POINTER 



IS MASTER POINTER NOT YET LAST? 



IF SO, DO AGAIN 



OTHERWISE, RETURN TO UNIBUG 



SPACE FOR WORKSPACE 



Figure 4-7. Replacement Sort Program Source Code 
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LISTING FOR REPLACEMENT SORT PROGRAM 



OBJECT 




SOURCE 




LOC & 


LABEL 


OPCODE/OPERAND 


COMMENT 


CONTENTS 









0000 UB 
0000 

0200 02E0 BG 
0202R0000 
0204 0200 
0206 031E 
0208 0202 
020A 0300 
020C C0C2 RS 
020E 05C3 
0210 8CD2 CP 
0212 * 
0212R15FF 
0214R13FF 
0216 * 
0216 C052 SW 
0218 C4A3 
021A FFFE 
02 IC C8C1 
021E FFFE 
0220 8003 CK 
0214*1305 
0212*1506 
0222 11F6 
0224 13F5 
0226 05C2 
0228 8080 
022A 15F0 
022C 0460 
022E 3000 
0230 WS 
0202*0230 
0250 



EQU >3000 
AORG >200 
LWPI WS 

LI R0,>31E 

LI R2,>300 

MOV R2,R3 
INCT R3 
C *R2,*R3+ 

JGT CK 

JEQ CK 

SWAP ROUTINE 

MOV *R2,R1 

MOV @-2(R3),*R2 

MOV R1,@-2(R3) 

C R3,R0 

JLT CP 
JEQ CP 
INCT R2 
C R0,R2 
JGT RS 

B euB 

BSS 32 

END BG 0000 



RETURN TO UNIBUG 
SET PROGRAM ORIGIN 
INITIALIZE WP 

POINTER TO BOTTOM OF FILE 

INITIALIZE MASTER POINTER 

RESET INNER POINTER 
INCREMENT INNER POINTER 
COMPARE MASTER ITEM & INNER ITEM 
AND INCREMENT INNER POINTER 
NO SWAP IF MASTER ITEM GREATER 
NO SWAP IF EQUAL 

MOVE MASTER ITEM TO Rl 

REPLACE MASTER ITEM WITH INNER ITEM 

REPLACE INNER ITEM WITH MASTER ITEM 

IS INNER POINTER JUST BEYOND LAST? 



*IF NOT, 

* GO FOR NEXT ONE 

INCREMENT MASTER POINTER 

IS MASTER POINTER NOT YET LAST? 

IF SO, DO AGAIN 

OTHERWISE, RETURN TO UNIBUG 

SPACE FOR WORKSPACE 



Figure 4-8. Replacement Sort Program Listing (Source & Object) 



202 



Program Testing and Modification 

To execute and test this .program, it is necessary to enter 
the data items starting at location >0300, as indicated by the 
specification. Al so be sure that the regi ster workspace, the program, 
and the sort file do not overlap. After entering the data into 

i-Un crti^+ -F-tlo an/H anciiv<-tnn -hho DP ic cot tn thp nrnnpr y^lu** 

execute the program (with the E command). Check first to see 
if the program returns to UNIBUG. Then inspect the sort file to 
see if the data is actually sorted arithmetically. Note that the 
negative numbers will be on the bottom (higher addresses) and the 
positive numbers on the top (lower addresses). Also check to see 
that the data sorted extends strictly within the range of the sort 
file, not further and not less. For example, the item at location 
>0320 should not be included in the sort, while the one at location 
>031E should be included. 

To correct this program or to modify it, use the assembler 
to re-enter the entire source code and any changes; or, if feasible, 
simply patch the machine code as required. For example, if it 
is desired to sort arithmetically such that the greater numbers 
are on the bottom (higher addresses) and the smaller numbers are 
on the top (the reverse of the way it was implemented in the program 
presented), then swap the numbers when the item at the "top" is 
greater. To implement this change, use the JLT instruction in 
place of the JGT i nstruction. The impl ementation of thi s modi f ication 
is left as an exercise for the reader. 



4.10 SUMMARY 

In this chapter, an overview of the categories of software 
is presented. Emphasis is placed on the various functions of an 
assembler. The primary functions provided are translation of mnemonic 
codes, address housekeeping, generation of constants, error messages, 
and output control. The features and capabilities of the symbolic 
assembler are discussed. In particular, the use of two character 
labels for forward and backward references are presented. Entry, 
syntax, and correction of source statements* are discussed along 
with detail s of the symbol table. Concerni ng source statement syntax, 
it is emphasized that 

** Label s on i nstructions must be entered without preced- 
ing spaces 

° Instructions without labels must be preceded by at 1 east 
one space 

** Following the opcode field, only one space i s al 1 owed 
prior to the operand field. 

Directives are also introduced and defined. 

Additional details on byte, compare, and jump instructions are 
covered in Instruction Subset 2. The problem of arithmetically 
sorting a list of numbers in a file is presented in the program 
exampl e. 
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For those i nterested i n a summary comparison of the advantages 
and disadvantages of assembly language versus high-level language, 
such is presented in Figure 4-9. The details presented in this 
figure may help the reader to gain a perspective and an under- 
standing concerning the rolesof these two levels of computer 1 an gu age. 



4.11 EXERCISES 

1. What would be the missing object code in this following 
program segment? 



0200 


0207 




LI R7,>300 


0202 


0300 






0204 


81D8 


CP 


C *R8,R7 


0206 






JLT NX 


0208 


0608 




DEC R8 


020A 






JMP CP 


020C 


0460 


NX 


B @>3000 


020E 


3000 







RETURN 



2. How many di fferent 1 abel s and/or symbol s are available with 
this assembler? 

3. What resul t wil 1 the fol 1 owing di recti ve produce i n terms of 
object storage and resulting location counter? How else could the 
same, result be accomplished with a directive? 

Location Source 

0240 TEXT 'LAD' 



4. Si nee thi s TEXT directi ve wi 1 1 not support entry of a single- 
quote character as part of a character string, how might one cause 
storage of the ASCII equivalent of a single-quote character? 
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ASSEMBLY LANGUAGE 



VERSUS 



HIGH-LEVEL LANGUAGE 



ADVANTAGES 



REQUIRES FEWER 
SUPPORT RESOURCES 

SMALLER START-UP COST 
REQUIRES LESS MEMORY 

RUNS FASTER 
•CLOSER' CONTROL 



DISADVANTAGES 



'SCALPEL' 



VS 



REQUIRES MORE SUPPORT -- 
COMPILER ETC. MAY REQUIRE 
LARGER MACHINE 
LARGER START-UP COST 
REQUIRES MORE MEMORY 
{20%-100% OR MORE) 
RUNS SLOWER 

COMPUTER CONTROL MAY BE AT 
'ARMS LENGTH' 

'CLUB' OR 'AXE' 



DISADVANTAGES 



MORE LIKE COMPUTER CODE 
LONGER TO WRITE 
MORE DIFFICULT TO READ 
MORE DIFFICULT TO DEBUG 
MEDIUM-LEVEL 
DOCUMENTATION 
MACHINE-DEPENDENT, THUS 
DIFFICULT TO 'TRANSPORT' 
POSSIBLY HARDER TO LEARN 
LARGER SOURCE DOCUMENT 



ADVANTAGES 



MORE ENGLISH-LIKE 

EASIER AND FASTER TO WRITE 

EASIER TO READ 

EASIER TO DEBUG 

BETTER DOCUMENTATION, THUS 

EASIER TO MAINTAIN 

MORE 'MACHINE-INDEPENDENT' 

POSSIBLY 'TRANSPORTABLE' 

POSSIBLY EASIER TO LEARN 

SMALLER SOURCE DOCUMENT 



KEY COST CONSIDERATIONS 



- COST OF EXECUTION SPEED 

- COST OF HARDWARE 
(E.G. LARGE VOLUME) 



- COST OF PROGRAMMER TIME 

- COST OF SOFTWARE SUPPORT 

- COST OF CALENDAR TIME 

- COST OF 'DOWN' TIME 



THE PRIORITY OF THESE CONSIDERATIONS 
DEPENDS ON THE PARTICULAR PROJECT. 



Figure 4-9. Summary Comparison of Assembly Language and 
High-Level Language 
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For Exercises 5-19, assume the following registers and memory 
locations contain the values shown for each exercise. Execute each 
of the instructions listed below. Indicate the result address and 
contents and the resulting status register changes. 



(RO) 


= >0101 


(Rl) 


= >OFOF 


{R2) 


= >0222 


(R3) 


= >0225 


(R4) 


= >0003 



(222) 


= >2468 


(224) 


= >0101 


(226) 


= >4001 


(228) 


= >5511 


(22A) 


= >ABCD 



RESULT STATUS REG. CHANGES 



5. AB R2,R0 

6. AB *R2,R1 

7. AB *R2,*R3 

8. AB (3>223,R0 

9. AB (3>224(R4),R1 

10. SB R1,@>0G06(R3) 

11. SB *R3,*R2 

12. SB @>22A,*R3+ 

13. MOVB R3,@8(R2) 

14. MOVB R4,R4 

15. SB *R2,*R2 

16. CB @5{R3) ,*R2 

17. C R0,(32-3(R3) 

18. C *R3+,*R2+ 

19. CB R2,R3 



20. How big a program ( i n decimal words) can a user have in on- 
board RAM (as provided)? 

21. Write the assembly 1 anguage statements necessary to move the 
contents of memory locations >300 to >37E to the memory locations 
starting at >380 and then return to UNIBUG. Include AORG >200 and 
END directives. Use the LWPI instruction. 

22. There i s a byte table consisting of 50 bytes of data begi nni ng 
at >3700. It is desired to copy this data to a byte table beginning 
at >380, with the bytes reversed (i.e., first byte last and last 
byte first). Write the assembly language program to do this. 
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4.12 LAB EXPERIMENTS 

In the following experiments, it will be helpful to record on 
paper your entries and the corresponding displays. 

1. In response to the UNIBUG prompt enter an "A" Command and 
2 (Ret) and observe the assembler response. Enter several 
s'p'aces~and END (Ret). Observe the response i ndicati ng no unresol ved 

references. Then enter a Ret and observe the return to the UNIBUG 

prompt. 

2. Repeat #1 entering an AORG >300 (preceded by a space) while 
in the assembler and observe the change in the location counter. 

3. Repeat #1 entering MOV R1,R0 (preceded by a space) while in 
the assembler and observe the acceptance of these predefined symbol s 
and the generation of the correct object code (COOl). 

4. Enter the source statement A JMP A into the assembler 
and observe that it eventually produces the same object code as: 
JMP $ (lOFF). Notice that A is at first considered an unresolved 
forward reference and then is resolved. 

5. Enter a line of correct code but rather than terminating 
with a Ret, cancel it with a shift X. Observe the result. 

6. Enter aline of code with a syntax error such as A MOX and 
observe the result. 

7. Enter the source line: WS BSS 32 and observe the change in 
the Location Counter display. Then enter XY BSS -2 and observe the 
resul t. 

8. Enter the source line: Z DATA and observe the result. 
Then enter 

IB DATA 0,1,-1,2,-2 

and observe the result. (Note each object di spl ay wai ts for character 
input before continuing.) 

9. Enter these two source lines and observe the result. 

CD EQU >A55A 
NX LI R2,CD 

10. Enter the source line: NM TEXT 'YOUR NAME' and observe 
the result. (One will be able to cause display of this text when 
introduced to instructions presented in later chapters.) 
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11. Assemble and execute the program 1 oop i ndicated under the 
JLT instruction and presented here. 





AORG >200 


ws 


BSS 32 


ST 


LWPI WS 




LI R1,>FF01 


LP 


INC Rl 




JLT LP 




B @>3000 




END ST 



RETURN TO UNIBUG 



Execute and inspect memory location >202 (i.e., Rl). 

12. Assemble and execute the revised FTNl program specified 
in Section 4.8. 

13. Assemble, execute, test, and correct, as necessary the 
replacement sort program indicated in Section 4.9 (Figure 4-7). 

14. Modify the replacement sort program so that the smallest 
number ends up at location >300 and the largest at location >31E. 
(Hint: Only one instruction needs to be changed.) 

15. Implement a sort program using the bubbl e sort algorithm. 
The bubble sort algorithm is one in which the program makes a pass 
on the entire file, comparing adjacent pairs and swapping them as 
necessary until a full pass is completed with no swaps. In other 
words, compare the first item with the second and swap , as necessary, 
and the second item with the third and swap, as necessary , etc. 
Continue until the pass is completed and repeat the process until 
no swaps are required for an entire pass. 
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CHAPTER 5 



MEMORY SYSTEMS 



5.1 INTRODUCTION 

This chapter explains the various types of computer memory, 
defines the capabilities and limitations of each, and highlights 
several techniques which must be understood for effective memory 
usage. The emphasis is on specific applications of semiconductor 
memory components, especially in system desi gn. The material deals 
with a technological area which is in constant and dynamic change 
and advancement; therefore, considerable effort is made to include 
any new technol ogy which seems 1 ikely to affect memory usage patterns 
in the near future. 

Chapter 1 reveals that a computer system consists of a CPU, 
memory, and an I/O (input/output) structure. A basic premise is 
that the processor operates from a program (a sequence of instruc- 
tions). These instructions are executed sequentially by the processor; 
each instruction is completed before the next one is commenced. 
Except in the case of very specialized machines, the program is 
stored in memory. 

Computer memory is also essential for the storage of data. 
Once data is available in memory, the CPU processes it when so 
instructed, and In the manner directed, by the program. 

In the discussions to follow, computer memory is shown as one 
of two basic types: that which can be easily changed (Read-Write 
Memory) and that which is effectively permanent in nature (Read 
Only Memory). 

Instruction Storage 

Four basic kinds of programs exist in most computer systems: 
executive programs, I/O service routines, data-processing modules, 
and loaders. 

The executive program, as the name implies, controls the opera- 
tion of the entire computer, protecting agai nst i 1 1 egal operations. 
The executive controls operator communications with the machine, 
schedules various tasks, and transfers data between various sub- 
programs . 
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Service routines are used to communicate with external data 
storage, computer terminals and other external devices. Service 
routines can be part of the executive, and are normally available 
for use by data processing modules. 

Data-processing modules are programs which control individual 
functions of the computer system. With each data-processing module 
change, the computer performs a different task. In general, the 
new data-processing module operates under the same executive and 
calls on the same service routines. If thenewtasks requi re di ff erent 
external machinery than the first task, new service routines may 
be needed. 

The entire executive, all service routines, and data-processing 
modules can be stored in permanent memory. This type of storage 
is Read Only Memory, or ROM. When the processor system is powered- 
up the programs already exist in memory and processing can begin 
immediately. In another case, all programs might routinely reside 
in nonpermanent or read/write memory. In such a case, a small 
permanent memory holds a special program called a bootstrap loader. 
The bootstrap loader supervises loading of the executive and other 
programs. Often a bootstrap loader is used to read into memory 
a more sophisticated loader program. 



Work Areas 

Another use for memory is that of a work area. A computer's 
work area acts like everything from scratch paper to a diary. One 
section of memory might be allocated for data or input buffers-- 
a place to temporarily store incoming data to be processed. Sim- 
ilarly, output buffers hold data and/or operating commands to be 
sent to peripheral devices being controlled by the computer. Since 
data is written to work areas, these must be imp! emented as read-write 
memory. 

Data Buffers . Consider the process of manipulating raw data. 
Data IS taken from the input buf f er , used i n some form of computation, 
and the result transferred to an output buffer. In some cases, 
where computation is minimal and the incoming data rate is not 
too fast, the data is manipulated (perhaps revised or condensed) 
as it comes in, then stored in a large buffer. After being further 
processed, data is output in a continuous string as a block data 
transfer. 

Data Manipulation . For review, consi der thi s scenario of memory 
usage"; The executive program supervi ses the data-processing module 
as it uses service routines to control external peripherals and 
to bring in data which is stored in the input buffer. Data is 
manipulated by service routines called from the executive or by 
special routines which are part of the data-processi ng module. Other 
service routines output the data to a peri pheral device or to external 
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SYSTEM RAM 


0000 
OlFF 


USER RAM 


0200 
03FF 


EXPANSION RAM 


OhOO 
07FF 


EXPANSION ROM 


0800 
OFFF 


OFF-BOARD MEMORY 


1000 


UNIBUG 


3000 
3FFF 





Figure 6-1. Memory Map of the TM 990/189 University Board 



data storage from the 
from the data-processi 
machinery, using a serv 



made by routines 



. output buffer. Decisions maae oy ruu..nc. 
ng module will change the operation of external 
ice routine to control the external equi pment. 

area with relatively small input and output buffers. 




for the University Board. 



5.2 MEMORY CHARACTERISTICS 



Data Access 

Memory is 
Serial memory 



ace 
(e 



cessed in one of two ways: serially or ^-ajdomly. 
.g., paper tape, cassette tape, and reel-to-reel 
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magnetic tape) is arranged so that, as the tape passes through 
the record or playback mechanism, one bit or one character at a 
time is accessible (serial access). Physically, the tape medium 
must be examined along its entire length to find a particular block 
of characters. 

In random-access memory , any unit of stored data can be di rectly 
accessed in random fashion. It generally uses a two-coordinate 
axis system for addressing as shown in Figure 5-2. Any byte or 
word in the entire memory can be directly addressed. Figure 5-2 
depicts a matrix with dimensions 16 units x 4 units. Using the 
convention that locations vertically along the side represent the 
most-significant digits of the address, then cell X is at address 



0006 



and cell Y is a 003C 



If this matrix were expanded to 



4096 
the 



rows (from OOO^g through FFF25). 
lowest four rows of memory. Figure 



uuwuig dria ceil t is a uuouj^g 

64K locations (16-bit address bus) the vertical seal e woul d' identi fy 

Just as Figure 5-2 shows 
ry, i-igure 5-3 shows the highest four 
rows. Now, cell X is at FFC6^g and cell Y is at FFFC15. 

In review, computer data can be stored and retrieved either 
serially or randomly. The on-board memory of a processor system 
is random access in nature. Common usage currently refers to the 
read-write memory ( nonpermanent) as RAM (Random Access Memory). 
Since the RAM loses data when it is powered down, this kind of 
memory is sometimes referred to as volatile. The more permanent 
(nonvolatile) memory also allows random access addressing, but is 
referred to as ROM. 



Memory Types 



Memories can be divided into three main categories 

° Volatile 
° Nonvolatile 
° Mass storage. 



Each of these is discussed briefly and 
following paragraphs. 



subdivided further in the 



Vol atile Memories . Vol ati 1 e memories (except f or charge-coupl ed 
devices discussed below) are subdivided into static RAM, dynamic 
RAM, and edge-activated static memory. The distinguishing factor 
is the type of memory cell used to store each data bit. The basic 
unit of storage for computer memory is the bit, and early memory 
IC s were organized one bit wide, i .e. , 256x1 , IKxl , etc. In Figure 
5-4 a small section of random-access memory is expanded from the 
simple X-Y matrix to show that, if the memory location stores a 
byte (8 bits) , this would require eight i ntegrated-ci rcui t packages 
(with bits located on the Z axis) to store whatever number of bytes 
are represented by the specified number of address locations. More 
recent IC memory designs feature four-wide and eight-wide outputs. 
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Figure 5-2. Memory Matrix "Low" Memory 
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Figure 5-3. Memory Matrix --- "High" Memory 

allowing small memories to be designed economically. This storage 
model is further refined later using various examples. 

A static memory cell (Figure 5-5) is basically a conventional 
type of set-reset flip-flop. Although a number of different designs 
are used, the important i dea is that, once stored, a data bi t remai ns 
unchanged until the IC is powered-down or the cell is changed by 
writing a new bit into the cell. 

On the other hand, the dynamic cell (Figure 5-6) "remembers" 
a loaic ONE as a charge stored on a capacitor. Various factors 
including circuit leakage on the IC chip and the temperature of 
the IC cause this stored charge to leak away. To compensate for thi s 
leakage, it is necessary periodically to rewrite or refresh each 
logic ONE charge. Typically, this time period does not exceed 
two milliseconds. Depending upon the memory-controller architecture, 
it often is necessary to interrupt processor operation for briet 
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Figure 5-4. Expansion of Memory Location Showing Bit Storage 
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Figure 5-5. Example of Static Memory Cell 
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(BIT LINE) 
SENSE LINE 




SENSE AMP 



MEMORY STORAGE 
ELEMENT 



SELECT 

(wordTIne) 



Figure 5-6. Example of Dynamic Memory Cell 

iplish the refresh cycle. If the processor is 



not 



periods to accomplish the retresn cycie. it trie H'y«-c:>iw. .o ..w. 
stopped the refresh operation may require use of memory address 
lines at the same time the processor is trying to access memory. 
The resulting "tug of war" between refresh address dri vers and proc- 
essor address drivers is referred to as bus contenti on. Some recently 
introduced microprocessors and microcomputers arrange their archi- 
tecture so that refresh cycles are "transparent" to ^do not interj^ere 
with) processor operation. Currently , thi s feature is the exception 
rather than the rule. 

Although the dynamic device is more troublesome, it is used 
for these two reasons: 

° Lower power consumption 
° Lower device cost. 

The area of silicon required to implement a dynamic cell is con- 
siderably small er than the area required for a static eel 1 . Further, 
the power consumed by cells of equi val ent access time (time required 
to retrieve stored data or change the data) is lower for dynamic 
cells than for static cells. Support circuitry (address decoders, 
data amplifiers, and output amplifiers) for the dynamic memory, 
illustrated in Figure 5-7, also uses lower power and requires a 
smaller area of silicon. IC cost is directly proportional to the 
amount of silicon used, and rel i abi 1 i ty is enhanced by cool er device 
operation resulting from lower power consumption. Thus, larger memory 
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Figure 5-7. Example of Memory Support Circuits 

arrays can be constructed less expensively using dynamic memorv 

exoense°f fr t ' ^r'"'-'''''''' '' ' ' ^°^^ ^°'"P^ '' ''' ' s^n addUi on^f 
expense tor the dynamic memory. 




t^fn?"^"^' }\^ operational pecul iari ties 'of "dynamic^'RAM" a 
transparent to the user. Only i f the processor operation is su 



proper ly 
re also 
spended 



during refresh will dynamic memories impact the system' s throughput 

and then normally only if the computer is managing a real-ti-me' 

high-speed data transfer or control operation. ' 
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Nonvo latile Memory . Although nonvol ati 1 e memory covers several 
categories of computer data storage, only semi conductor ROM is dis- 
cussed at this point. Reviewing the earlier discussion in Chapter 
1, the general ROM family is subdivided thusly: 

° ROM (mask programmed Read Only Memory) 
° PROM (P^rogrammable Read Only Memory) 
° EPROM (^raseable PROM ) 
° EAROM (Electrically Alterable ROM). 



The generic name ROM is often 
nonvolatile solid-state memory. 



applied to all categories of 



Conventional ROM's are produced with the program information 
as a part of the production process of the integrated circuit. In- 
tegrated circuits are constructed by many successive operations 
involving photographic mask patterns and diffusion operations. Exact 
details of the process are beyond the scope of this -^ — -■---->- 
but the process can be compared to production of 



uibCU5aiuii_ 

a multicolored 
document on a printing press. Each pass through the printing press 
applies one color, using a pattern corresponding to the shape and 
location of that color on the finished page. In simi 1 ar^^f ashi on, 
integrated-circuit components are constructed by "printing succes- 
sive layers of materi al correspondi ng to various 
The pattern of I's and O's which define the 
ROM is determined by the final printed layer .. 
layer of metalization in the production process. 

Since the design of the 1/0 pattern for a ROM is unique for 
each stored program and i s i rreversi bl e after completion of the ROM, 
this type of nonvolatile memory is expensive unless a very large 
number of devices are produced from the same pattern. A typical 
ROM contains from 8196 bits (1024 8-bit words) to 



ci rcui t components, 
machine code in a 
. actual ly the last 



hi gh-density 

65,536 bits ^o^'^^ o-dit: 






1-Qa-f-Hnn nf thp mfl<;k for 



pattern) i s time-con sum i ng (therefore expensive) and must be perfect. 
Since the creati on of al 1 the other masks associ ated wi th a particular 



a one-time 



r 
cost. 



ROM type are common, these other masks represent . . ^ 
Thus, the expense is amortized by spreading the cost over hundreds 
of thousands of units with different ROM patterns . The uni que program 
mask similarly must alsobe amortized over a 1 arge number of units. 
Consequently , ROM' s normally are practi cal only in applications re- 
quiring a large number of copies of a well-proven program. The 
time required to start production of a particular mask-programmed 
ROM can be eight weeks or longer, which normally is acceptable 
only in cases of continuing production of a proven device. 

The production time lag and expense associated with ROM's in- 
d the development of PROM's. To understand the design 



spirea tne aeveiop 
PROM, consider first 
parti cul ar m 
a si ngl e da 
in Figure 5 
output 1 i nes B and 
is active), lines 



he ROM memory cell shown in Figure 5-8 



of a 
, Any 



emory address is decoded to the point where it represents 
ta line which is then, say, driven high. Line No. 1 
-8 behaves as if it has diodes connecting itself to 



D. Therefore, when 
B and D foil ow. If D 



line No. 1 
is the MSB 



goes 
and A 



high lor 
the LSB, 
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20 



OUTPUT = 1010 



OUTPUT =0101 



Figure 5-8. Example of Diode ROM 




Figure 5-9. A Fusible Link Diode ROM 



the output is lOlOo or Ai^. 
produce 01012 ^^ ^^g. 



Similarly, activating line No. 2 will 



5-9 ^Nntr?hU"rr""^''^!rr'' ''^V^ '^ organized as shown in Figure 
b-y. Note that since all possible diodes " 
put of any address will be 1111 
fuse in 



ROM 
ROM 
Any 



unprogrammed PROM 

are hooked up, the out- 

2- Note also that each diode has a 

ihe act of programming a PROM consists of 

through selected diodes and melting the 

Therefore, passing a high current 

X, Y, and Z creates a section of 



series with it. 
passing a high current 
fuse for each ZERO bit required, 
through all diodes except W, 



programmed like that in Figure 5-8. Just as with a standard 
the program "burned" into a PROM should be considered permanent 
programming error generally spoils the PROM. Permanent. 



IC's a 
used in the 
are constructed 



ire designed around special characteri sties of the material 
IC s manufacture. MOS (Metal-" ■■ - 



in such a fashion 



Oxide-_Semiconductor) devices 
that a highly insulated region 
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• ..^.-hoH Tf thi<; reaion isthe gate of an MOS transi stor (Fi gure 
5'iorand ; charge is i'njecteVinto the gate region , the transi stor 
5-10) and a charge i^s^ voltage is then measured at the drain lead 

(point A of Figure 5-10) the voltage is low, 
ontains a 1 ogic ZERO. Another special property 



will be "on." If 
of the transistor 



,r,^ that momnrv Ppll COntainS a OgiC Z.tKU. anULliei i^^^'"' p. v^i-s.. -^ 

0? theM0rmat7rial s thaVintense ultraviolet 1 ight directed against 
?heIC's surface adds energy to the electrons trapped in the gate 



region causing Lnem lu 




or programmed into the device. 

I M d e V 



EARUM ana llkkui 



; ^^^ nr.nwr>i at i 1 p rpad-write devices, 

^r t^rsrr;^\s^"e^xpE ^^fe^i^r vi^^Vtirrs^ipf \j:'\in 

:^?-1al""\oth are new^ technol ogv^^d^evices^^expecte^ tc, ^devel^ 



..;,niHlv for soecial-purpose applications, lmkuh ^ \-'r \7 u 
Xl%^;rl^le';'0MYlU'«K0S^Hetal%itr1de-0xide-|e.icond^^^^^^^^^^ e - 




random access 



r% 7. f 4- 

|j a o o , 

and 



=>imnct all comouter memory was nonvolatile and 
"--""^known as magnetic-core memory. This tecn- 

various wi ndi ngs 

e set to a ONE or 

NE) magnetization 

Another winding drives 

pulse across 

se pul se 

s erased 

known as destructive read-out, 

be rewritten in the same polarity as 



nology consists of tiny ferrite toroid cores wi\^ 
on each core. One winding allows the cell to b 
ZERO bvmaqnetizing the core to positive (log^c ^ 
ic ZERO) magnetization. Anoth( 
lemagnetizing pulse, which develops a puis 
(third winding). The polarity of the sen 
<- a ZERO or ONE was stored, but the cell i 



it was 



ZERO by magnetizing 

or negative (logic 

the core with a di 

a sense winding 

indicates whether 

in the process. This procedure is 

'"' '-''li?oU\\V'"ccTsllir ThTs seemingly -^bersome^technique 

id- 
memory tecnnu i uyjr .... v,^..^... -rr^: l-Lir.*:! ,4. ,• i ^ m«mr^^^, with rpad- 

iry 
he 

ge 

les 
ire 
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Figure 5-10. An EPROM Memory Cell 





Figure 5-11. Typical EPROM TMS 2708; EPROM Erase Kit 
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--- ---^l-:!!^!! -jsM.rs^ir?! ^^^ ^1"^^' 



card. Mark-sense card uses spots to 



All the random-access technology discussed so far ha^ been 

which is actively used by the processor 
accessed by the processor without _ operator 
the maximum amount of memory on- I ine 
in microcomputer applications does not exceed 65,536 (2 ) bytes. 



processor memory--memory 
during operation and 
intervention. Typically, 



Mass Storage 



All methods of storing large amounts of data 
'--is characterized as either se- 




by the processor. 

Punched paper tape and punched cards (the familiar IBM card 
puncnea pape . y^^^^ among the fi rst mass storage media. Both 




cards . 
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Figure 5-13. Paper Tape Format (ASCII Characters) 

Further sensor ref i nement enabl ed the devel opment of mark-sense 
as. Data is entered by darkening spaces on the card. These 



car 

marks are then 

on the punched 



recognized as logic ONE's just as are the holes 
card. The mark-sense card is usually reserved for 
small amounts of data, and is a common data entry method for stand- 
alone PROM and EPROM programming equipment. 



likP nnn^hfn P^/^^P\'- ^"0^^^'^ ^ ^ "^ ^ ^ mass-storage medium which, 
like punched cards, retains a surpri si ngly hi gh use factor. Figure 
5-13 shows the data pattern: an 8-bit parallel pattern represents 
?n'I"? character, with data in a character-by-character serial 
format. Either mechanical pin readers or much higher speed opti- 
cal readers are used to retrieve the data. a h hu 



an onfir^rs^f /H^'^^^u^^^"°^°9y is being developed which uses 

an optical bar code. This is an adaptation of the 

code appearing on grocery store items. 

low-cost reproduction and dissemination 

Data retrieval is accomplished 

the bar code pattern. Software is used to decode the data. While 

any individual byte is directly accessible on a page, the data 

nSr^-K-J^ ^^'"]^^% Software constraints and the planned data format 
prohibits random loading of isolated bytes. atdiurmat 



optical bar 

The intent is to enable 

of application programs. 

via an optical wand which "reads" 



Magnetic tape 



1 ong-standi ng 




Some time after the 



cas- 



^^..^ ^ . . - consumer audio industry introduced cas- 

sette recorders this type of tape was applied to data recording. 
At present, audio cassette recorders are being used by many com- 
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industrial computer users. 



outer hobbyists and some industrial computer ubt^rb. Digital cas- 
settes and digital recorders (much better and more expensive me- 
settes 3"^^^^\9^^t^onic packages coupled with tested high-quality 

I lie CooCilulQJ 



chanical a 



digital tape) are being used throughout much of industry, 
differences between digital and audio recording are 



° Digital data on audio equipment is recorded as various 
tone combinations. The Uni versity Board uses one cycle 
of 1200 Hz as logic ZERO and two cycles of 2400 Hz as a 

1 q i c N E . , , , . . ^ 

° The audio tones are recorded linearly (normal audio 
style recording) while digital recording utilizes sat- 
uration recording. Saturation recording requires dif- 
ferent record/playback heads and drive electronics. 
Digital data is recorded as a series of flux reversals 
along the magnetic tape. 
° If the same tape speed is used for both audio and digital 
recording, the digital record will have almost five times 
;,.. m.irh densitv--800 bits per inch of tape compared to 
about 170 bpi for audio recording. Also, digital tape 
usually runs faster than audio tape, with a further 
improvement in access time. 

Maanetic-disk memory has long been a mass-storage medium. The 
basic formalisfseries^f magnetized areas located in concentric 
r?ngs or tracks on the surface of a rapidly spi nni ng ci rcul ar piece 
of magnetic material similartothe magnetic card mentioned earlier. 




A typical sector contains 



A sync field to synchronize the electronics 
An address field containing track numbers 



read-write heads) 

! S 

rCRr(cyclic r"ed"und7ncy Check) word' for error checking 
Address field to identify the record as either data or 



Head number (for units with multiple 
Record number and number of data bytes 



control 

Data record itself 

Two record gaps. 



For each 128 bytes i n a typical record bloc al the o er recorded 
"housekeeping" data totals an additional 59 bytes, ^^^^ks ^an ai so 
be unformatted, i.e., each record can be ^" /^^^^ t^^,7J,^"9th * Unf^^ 
matted disks have fewer identification and sync block (overhead), 
so total record storage Is greater. 



Magnetic-disk memories can be 
pie read-write heads, or "floppy, 
and much more flexible than a 



rigid, with 

The floppy 

standard 45 RPM 



si ngle or multi- 
disk is thinner 
audio phonograph 
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record, and comes in two 
floppy (5 1/4" diameter). 



sizes: standard (8" diameter) or mini- 



Although data is recorded in serial fashion on a disk it 
can be randomly accessed. That is, the single-head machine' can 
move the head to read the tracks in any order, and multiple-head 




IS accessed, data rates to the processor (or memory) are very high 
The amount of data stored by a disk varies from about 250,000 bytes 
per diskette for a mini-f 1 oppy to over 20 million bytes for a rigid 



disk. 

Charge-coupled devices (CCD) are a new type of semiconductor 
memory which, though storage is volatile, are planned to be low- 
cost bulk or mass memory. A CCD memory is basically a serial shift 
register made from MOS-type material. Packets of charge similar 
to those stored by a dynamic RAM are moved from location to loca- 
tion by a complex clocking scheme. The clocking serves to refresh 
each packet as it is moved along, similar to the required refresh 
in a dynamic RAM. Although each CCD device delivers data one bit 
at a time, parallel operation of a number of devices will produce 
bytes or even multi-byte words. The Texas Instruments' TMS 3064 CCD 
Memory is a 65,536-bit memory with an average data-access time 
of 400 microseconds and data rate of 5 bits every microsecond. 
Mote that, since CCD s are dynamic devices, power must be applied 
continuously and the recirculate clocks must run at a rate sufficient 
to perform the required refresh. Even so, the power consumed by 
a well-designed CCD memory will be less than other volatile memory 
types during standby operation. 

..c■!n.'^•^!;•^■5"^''^^^^^^'"°'"^'^^ ^^^^^ are nonvolatile, static memories 
T^ H individual magnetic packet s cal 1 ed bubbles as a storage medium. 
The bubbles circulate, shift-register fashion, in a thin magnetic 
film underthe influence of a rotating magnet ic fiel d. Average data 
access time is 4 milliseconds with a 50-ki 1 obi t/second data rate. 
The targeted usage is to replace rotating magnetic media of medium 
capacity (mini-floppy and f 1 oppy di sk ) wi t h lower price, lower power 
consumption and faster data access nonmechanical memory. Nonvolatile 
operation of bubble memory is obtained at the expense of furnishing 
a permanent magnet to surround the memory with a magnetic field 
to hold the bubbles in place during times of power-down. 

Configuration and Process Technology 

A great variety of semiconductor memory components i s available 
with memory component packaging affected significantly by the in- 
tended use. Indications of thi s di versi ty are given i n the d icussion 
and in several figures which follow. 
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of sizes as discussed below. 



t 
c 
5- 




tion of process technol ogy las or mia-i^^/o; . ^"".'■°; '-^^ Tr^,:^^ '^li^ 
ization versus process technology is summarized in Figure bib. 

A number of terms used in these two figures are defined below. 

o qiTI - (Schottky TTL). Standard TTL (Transistor- 
T7i^sisto-r Logi/) wTT the first really popul ar digital 
To ic technology! Typical gate ^^ ^^."J,^^,,",^^, °;J/.',r,T3 
sistors resistors, and diodes, with the transistors 
driven 'into saturation. A saturated transistor ha a 
slower turn-off than an unsaturated one. SchottKy iil 
uses a special diode clamp (Schottky process) tointer- 
cep? ?he'excess drive, which prevents saturation and 
gains a 4:1 decrease in propagation delay. 

, ^_. ._ ... ^ i_j f^^i^\ Thicfunp of device uses 

" Fn (HrmTter uouuieu i_uyiv-/« ■■••^>'^i — - 

TTiei? ampTif-ier's fo7 logic. This gains some speed 

over STTLat the expense of very high power consumption. 

» Mn<; Four kinds of HOS (Metal Oxide Semiconductor) 
TOIc appear in the tables:- PMOSrNMOS. CMOS, and SOS/ 
cSoS These logic families are P-channel MOS,.N-channel 
mSs! and Complementary MOS.'An "OS l^nsistor uses 
^Tther N-t~ype silicon with P-type emitters (PMOS) or 
P-type sil icon with N-type emitter (NMOS) . thus creat ng 
operation akin to PNP and NPN transistors respectively. 
Basically. PMOS and NMOS devices use less power than 
bioilar (TTL) devices, but more power than CMOS devices 
which use P-channel and N-channel transi stors i n series. 
In CMOS, both transi stors are off except during switch- 
ng so CMOS draws effectively zero power except during 
switching. SOS means Silicon On Sapphire, and CMOS 
circSiis built on a sapphire substrate instead of silicon 
glin almost an order of magnitude in speed over standard 

CMOS. 
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Figure 5-14. Relative Memory Performance by Process Technolo 
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Figure 5-15. Memory Organization versus Process Technology 
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Figure 5-16. Uses of RAM's versus RAM Access Time 



Figure 5-14 al so includes C CD' s, bubble 



memories, and disk 



tems. Note that two categories of time or speed are shown for the 
latter systems--data rate and latency. Latency is the time re- 
quired for data to appear and is usually specified as the mean 
between the shortest and longest times possible on a given system. 
No tape systems are shown, since latency would be dependent upon 



the size of the reel of tape 
with numerous other factors. 



and how fast the tape moves 



P' 
al ong 



Appl ications 

Figure 5-16 shows various uses for RAM, according to access time 
A number of new terms are used in this figure and are defined below. 

Scratch pad RAM --a small amount of very fast memory 
used to hold intermediate computation results, thus 
saving time needed to fetch frequently used data. 
Cache high-speed buffer --verv fast memory (1 arger than 
Scratch Pad) used to hold a program segment during exe- 
cution of that part of the program. 
Mainframe RAM --resident withi n the computer, but 1 oaded 
from mass storage. 

Peripheral and terminal memory --that which is located 
in terminals and other "smart" peripheral devices, 
where lower power and lower speed devices serve ade- 
quately. 

Intermediate working storaqe --sl ower serial memory 
such asCCD sorbubble memory. High density, low power 
storage is used to accumulate considerabl e data before 
transmittal to mass storage. Mass storage is used 
for long-term offline storage, such as data logging 
and data acquisition records. 
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Figure 5-17. Typical Memory System Layout 



5.3 MEMORY SYSTEMS 

A memory system consists of much more than just memory IC's. 
For example, a large memory would require buffers to avoid over- 
loading the CPU address and data lines. Also, the address lines 
must be decoded to uniquely enable individual blocks of memory. 
Some elements of a memory system are illustrated on Sheets 2, 3, 
4, and 11 of the TM 990/189 Electrical Schematic Diagram. 

The following paragraphs introduce material on the component, 
interface, control, and timing requirements for memory systems. 



Components 



I 
buffer 
the Un 
nal s a 
Add er 
cool in 
( see F 
fairly 
to han 
may f i 
a rack 



f a memory i 
s , timing, a 
iversity Boa 
re furnished 
ror-detecti o 
g mechani sm, 
i gure 5-1 7) . 

limited cir 
die refresh 
t on a s i n g 

or stands 



s designed with address decoding, input/output 
nd control, the result is a simple board such as 
rd (TM 990/189). All the necessary control sig- 
by the microprocessor and its associated circuitry, 
n and correcti on circuitry, physi cal chassi s , and 
and the machi ne begi ns to resemble a minicomputer 
Timing and control for static memories require 
cuitry, whereas extensive additions are required 
of dynamic memory. A small static memory plane 
le, convection-cooled PC board which plugs into 
alone. Input and output buffering are handled 
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Figure 5-18. Basic Battery Backup System 

the memory IC's and processor 1 ines , and address decoding require- 
nts are generally minimal. 



With respect to power supply requi rements the trend i s downward 
as the new 4K and 16K memory chips become available. New manufacturing 
processes result in devices which use much less power per bit stored 
For example, two IK x 4 RAM's will typically use one-third as much 
power as the eight IK x 1 RAM's required to give the same data 
storage. 



Computers which must keep running during a power failu 
viously require some sort of fail-safe uninterruptabl e power s 
to carry through a blackout. 



re ob- 
ystems 



The basic principle of 
Figure 5-18, where diode Dl 
the battery if Vcc fails. Diode D2 

- ^e control circuitry, ^^y,,, „ 
simple system is really adequate only for CMOS memory , but rel ati vely 
little more is required to furnish battery back-up for other static 
memories. If dynamic memory is used, the battery must also power 
the refresh circuitry, requiring a much greater energy reserve. 



a battery backup system is shown in 

is used to automatically switch in 

,. ^ . _, - - -- '^^y be used to equalize the 

voltage applied to the memory and the control 



Such 



Control 



Other action IS required of a memory control 1 er besides refresh 
Input enable signals are either furnished by the processor ordecoded 
from processor signals. A "wait-state" control must be used if 
the memory IC s requi re 1 onger access time than allowed by the proc- 
essor s operating speed. The wait signal is used to force the processor 
to wait on the memory until data is ready. On the TMS 9980A 
this signal is called READY. Also, some types of memory IC's have 
a standby provision. On large memory banks, only a few memory IC's 
are accessed during each memory fetch. A standby control circuit 
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can keep all memory IC's in standby except when being accessed. 
This saves up to 90 percent of the power which would otherwise 
be used by the memory. Heat i^ reduced in the memory area and 
reliability and component lifetimes are greatly improved. 



i nt er I ace 



The TM 990/189 is a good illustration of memory interfacing 
principles. The memory space is limited to 16K bytes divided into 
RAM, ROM, and undefined areas which can be assigned to either function 
as indicated previously in Figure 5-1. For the di scussion to follow, 
reference is made to specific sheets of the schematic diagram for 
the TM 990/189, as found in Appendix A of the TM 990/189 Microcomputer 
User's Guide. Sheet 4 shows the addressing and data lines for both 
system ROM and expansion ROM, while Sheet 3 shows the same connections 

r- .-__! nAM ,„J ^^.^-^.^o-i/^n DftM Alcrt f\ <f\ CIriQQtC "X anH d ATP CiniTlP 

TOr riurmcii kmh anu cA|jaii3iuii Km-i. r\ 1 b o wii oiiv-v-v,^ ^ >*..« . ~. - 

auxil iary decoding circuits to control memory read and write opera- 
tions. Sheet 2 shows the TMS 9980A processor with address lines 
(AO through A13) and data lines (DO through D7). Note that a signal 
name or signature followed by a minus sign (e.g., ENA-) is true 
or active when low (logic ZERO). 

The two sections of U34 (see Sheet 2) sample the four most- 
significant address lines and decode the memory space into 16 IK 
blocks. The lower half of U34 decodes AO and Al to divide the 
memory space into four 4K blocks. LOMEMENA- is true for all addresses 
between 0000, g and OFFF15, while HIMEMENA- is true for addresses 
between 3000i6 and ^FFF^g. Another block (addresses lOOO^g through 
2FFFTfi)is reserved for external (off-board) memory expansi on. Si m- 
ilarly, the other half of U34 samples A2 and A3 to divide each 
4K block into separate IK blocks. Note that the RAM memory IC's 
av-o 1 1^ Y d en thflt each has ten address lines (A4 through A13). 
Portions of U14 and UIB (Sheet 2) derive ORE- by performing a 
logical OR between DBIN- and WE-. (Refer to the TMS 9980A/TMS 
9981 Microprocessor Data Manual f or an expl anati on of si gnal s deri ved 
from the processor.) On Sheet 3, DRE- is ANDed with Block 0- and 
LOMEMENA- to produce RAMCE-; this signal selects memory IC's U20 
and U22 when the processor must read or write to addresses OOOO^g 
through 03FF,g. Simi 1 arly , U21 and U23 (if installed) are selected 
when the processor needs memory addresses between 0400^5 and O7FF15. 
Similar arrangements occur for EPROM's U32 and U33, except that 
U33 is a 4K X 8 block of memory, and U32 can be either a IK x 8 
or 2K X 8 block of memory , dependi ng upon whether the jumper between 
E49 and E50 (Sheet 4) is in place. 

Note that the data lines for all the on-board memory devices 
are in oarallel, so that the chip select si gnal s (RAMCE- , EXPRAME-, 
ROMCE- and EPR0MCE-) select only one block of memory at one time. 
This prevents bus contention as described earlier. If more memory 
were i nstal 1 ed of f-board, the dri ve capacity of the processor output 
lines would be exceeded. Therefore, Sheet 11 shows the circuitry 
needed to buffer (i.e., i ncrease the dri ve capabi 1 i ty of ) the processor 
data and address lines. 
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TMS4014,JL,NL 



1024 WORD BY 4-BIT STATIC RAM 



( 

5 
7 
8 
9 
6 



PARAMETER 



«c(fd) 



Rud cycl* time 



«c(wr) 



Write cycle tiine 



Write pulse width 



Address set up time 



Chip select set up time 



Date set up time 



Data hold time 



«h(A| 



Address hold time 



n{A) 



Address transition lime 



Access time from address 



Access time from chip 
select (or output 
enable! low 



Access time from 
write enable high 



Output data valid after 
address change 



'PVZ.S 



Output disable time after 
chip select (or output 
enable I high 



Output disable time after 
write enable high 



MIN NOM MAX 




INPUT DATA. D 



Figure 5-19. Memory Timing Diagram 
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In summary, memory interfacing involves careful consideration 
of total memorV space allocation and the deco^ ^g and bufferin 
needed to implement a particular design so that no parts are over 
loaded and bus contention is prevented. 



Timing 

Memory 



timing requirements are fairly strict, and become more 
^ -^ ^ Two basic memory data cycles are 




the "typical" value. 

- .. . ^.„--^_ r.^^^ ;»c<4aervihorl inFiqure 5-19. 

Note the foi towing i^iminy bCMuciiv,^ as ^^^^< .^~- y 

Read Cycle : 

° Address lines come true from CPU. 

« Block enable sianal is decoded (Block 0- and Block 1-, 

from U34, Sheet 2 of University Board Schematic). 
° Block enable (active low) enables specific IC. 
° Data at the speci f i ed adjresj, i s gated onto the data bus. 

Write Cycle : 

** Address lines come true. 

*» Block enable (chip select) 

*» W- (Write E_nable from CPU) 

° Data from CPU comes true. 



w - goes high 



is decoded. 

comes active (low). 

into memorv. 



The most critical 
circled and numbered 



1 parameters for proper memory timi ng have been 
on Figure 5-19 and are described below. 



1 . 
2. 

3. 



t , ^x--Read cycle time and t^. j^^) , Wri te cycle time, 
m?USIim time needed for eitU^^type of operation. 
TTTT^Access time from address, indicates the earli- 
after the addresses have settled that the 




from the address lines. . « Hofinp 

towv-Output data valid after address change, define 
tRl^aximSm time data can be expected to be good 
as the processor finishes a data fetch. Note that 
eRAM data i s to be strobed into the processor, 
trobe signal must be coi nci dent wi th , or earlier 



if thi 
the s 
than, the address change time. 
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5. 


^u( 
any) 




The 




can 


6. 


^h(A 
para 




true 


7. 


must 


8. 


*su(l 
must 


9. 


^h(D 
true 



memo 



;^)--This parameter indicates the lead time (if 
required between address and Wri te Enabl e ( W-T7 
specifications shown imply that the two waveforms 
be simultaneous. 

)--Address hold time, a positive value for this 
meter indicates that the address lines must remain 
longer than W-. 

S^--Setup time for S- , minimum time this siqnal 

be true before W- decays. 
Qj-'Setup time for Data, minimum time the data 

be true before W- decays. 
)--Datahold time, minimum time the data must be 

after W- to ensure proper writing of data into 



in ^hl^K^ memory timing example above can be considered typical only 
in the basics. Each manufacturer uses different notation terminol- 

o2tDu?s aV^o'^nVf^o'/''"''- Sometimes the IC terminals and processor 
outputs also differ, so interpretation is often necessary. 



5.4 PROGRAMMING AN EPROM FOR THE UNIVERSITY BOARD 

As described in Chapter 2, the TM 990/189 has an executive 
R^oSf''-^--—'- ^'' '""^ symbolic assembler implemented in a masked 




Define the problem in considerable detail. 

Decide what input/output structures will be needed, 

and define I/O addresses (see Chapters 6 7 8) 

Draw flowcharts of program action, subdividing each 

major portion into more detailed charts. 

Write assembly language code for each flowchart 




th^^cDoL^^ "^^^"^ ^^^ program as required and reprogram 



the EPROM. 



nv,^^ The last steps in program devel opment, merge, debug, and EPROM 

Vnf2''VraJ'^^' ^'"^^^^ very efficiently with another 

RoJh ^cnp^^°xV."^' namely, the TM 990/302 Software 

Board (SDB). This system's memory 

to match that of the TM 990/189 

the new EPROM. On-board software for the SDB includes 



map can easily 
microcomputer so 



board 
Devel opment 
be reconfigured 
as to utilize 
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° Text editor 

° Symbolic assembler 

° Relocating loader 

° Debug monitor 

o EPROM programming driver. 

Once the program is entered, assembled, and debugged, special 



av^ucoov^i ICO 



of different EPROM's, i ncl udi ng the TMS 2708 and TMS 2716 which are 
usable on the University Board. 

5.5 INSTRUCTION SUBSET 3 

Both the i nstructi ons and data reside in computer memory. Some 
of the TMS 9980A instructions have been previously covered i n Chapter 
3 and 4. It is now appropriate to discuss the next subset of in- 

f + v'iit^+nnnf niiv»ir>n+h-icH-ic/^iiccir>n ir a f a }r -i" r\ fho rallorl-nilf Tnctriir- 

OUI UV^UIVJIIO. L/Ui lily l^lilO uiov>UO^i<^ii, I \-i\-i <^v> \^ •• \, v»v«i i\,\* \^ ■u, ^ ^ , . ^ ,, • >«-w 

tion Summaries. 



Conditional Jump Instructions 

It was previously noted that jump instructions modify the program 
counter and transfer control to another section of the same program. 
Conditional jump instructions incorporate a test of some condition 
of the bits in the status register. If the condition is met (test 
is true), then and only then is the control transfer (jump) made. 
A summary of the jump i nstructions (Tabl e 3-2) appeared in Chapter 3. 

JUMP ON CARRY and JUMP IF NO CARRY test only the CARRY status 
bit and jump only if the CARRY bit is a logic ONE or ZERO, respec- 
tively. See Instruction Summaries 5-1 and 5-2 for a discussion 
of these two instructions with an example of each. 



Compare Instructions 



Alt 
set Stat 
to set s 
the COMP 
COMPARE 
(CZC) a 
identi f i 
contents 
the sour 
or JUMP 
compare 



hough some instructions (MOV, for example) automatically 
us bits, other instructions are intended specifically only 
tatus bits and take no other action. This is the case with 
ARE WORDS instruction covered previously in Chapter 3. In 
ONES CORRESPONDING (COC) and COMPARE ZEROS CORRESPONDING, 
general source location contains a bit mask (bit positions 
ed by logic ONE's). These two instructions compare the 

of a specified workspace register with the 
ce and set the EQUAL status bit accordingly. 
NOT EQUAL instructions would logically follow 
instructi ons. 



bit mask in 

JUMP EQUAL 

one of these 



It is stressed that the EQUAL status bit is set to ONE in 
the COC instruction only when there is a corresponding ONE in the 
destination register for each ONE in the source bit mask. In a 
sense, if the COC instruction is followed by a JEQ instruction. 
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it is like a programmable AND gate where the programmer specifies 
with the source mask the exact bits in the destination register 
he wishes to check. If a1 1 such bit positions in the destination 
register are ONE's, the "gate" has an active output (EQUAL status 
bit set to ONE). On the other hand, if the programmer uses a 
JNE instruction after the COC instruction, then the action in the 
program is like that of a NAND gate--active if any corresponding 
bit in the destination register is ZERO. 

In the case of the CZC instruction, the EQUAL status bit is 
set to ONE only when there is a correspondi ng ZERO i n the desti nation 
for each ONE in the source-bit mask. Thus, operation of the CZC 
instruction when followed by a JEQ instruction is like that of 
a programmable NOR gate: only when all corresponding bits are 
zero's is the gate active, i.e., the jump is taken. The operation 
switches to a programmabl e OR gate if the CZC i nstructi on is followed 
by a JNE instruction: if at least one of the corresponding bits 
is logic ONE, the gate is active and a transfer of control is made. 

The essential characteri sties of these two compare instructions 
are given i n Instruction Summaries 5-3 and 5-4 along with operational 
exampl es for each. 

Bit Manipulation Instructions 

Most microcomputer control operations involve some form of bit 
manipulation. In a typical example, each bit represents on-off 
control of a single valve, light, motor, or other function. Even 
in computers which have bit-manipulation instructions, a bit mask 
is normally used to identify the bit or bits to be changed. 

The TMS 9980A has a number of instructions which can manip- 
ulate any number of bits in a memory 1 ocati on. Instructi on Summaries 
5-5 and 5-6 expl ai n how SET ONES CORRESPONDING and SET ZEROS CORRE- 
SPONDING utilize the source bit mask to set bits to ONE or ZERO, 
respectively. It is very important to note that the SOC instruction 
is the classical logical OR instruction while the SZC instruction 
is the same as the classical AND instruction except SZC uses the 
compl ement of the source, not the source itself. In simil ar fashion, 
the byte variants of these instructions (SOCB, SZCB) operate on 
speci f i ed bytes instead of on full words. Note in particular, however, 
that byte instructions which specify a register as source or des- 
tination operate on or with the even (lefthand) byte only . This 
shows up clearly in the example of SOCB. See Instruction Summaries 
5-7 and 5-8. 

AND IMMEDIATE, OR IMMEDIATE and EXCLUSIVE OR instructions also 
modify bits in a specified register by use of the bit map. The 
examples shown in Instruction Summaries 5-9, 5-10, and 5-11 all 
use the same destination and the same bit mask; note the different 
results in each case. 

The special bit-map technique to be discussed next is a very 
powerful tool for those microcomputer applications which require 
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a considerable amount of bit manipulation or "bit diddl i ng. " The 
first step i s to create a bit mask array equivalent that is shown 
in Figure 5-20. This arra_y may be created^ at program assembly 
time by a ' 



succession of DATA directives as follows 


Label 


Directive 


BO 


DATA >8000 


Bl 


DATA >4000 


B2 


DATA >2000 


B3 


DATA >1000 


B4 


DATA >800 



Instruction 


Comment 


SOC 0BA,R7 


SET BIT 


SZC @BD,@>3FC0 


SET BIT 


XOR 082, R7 


CHANGE ■ 


COC @B5,R7 


IS BIT 


CZC 0BO,R2 


IS MSB 1 



BF DATA >1 

Using the appropriate instructions, this bit mask array can 
then be used to manipulate and test selected bits as illustrated 
bel ow: 



10 OF R7 TO LOGIC ONE 

13 OF LOC >3FC0 TO LOGIC ZERO 
THE STATE OF BIT 2 IN R7 
5 OF R7 = 1? 
OF R2 = 0? 



Shift Instructions 

The SHIFT RIGHT ARITHMETIC, SHIFT RIGHT LOGICAL, and SHIFT 
RIGHT CIRCULAR instructions. Instruction Summaries 5-12, 5-13, and 
5-14, move the location of all the bits in a regi ster to the right 
a specified number of positions. The mathematical effect of shift 
instructions is to divide (shift right) or multiply (shift left) 
by 2", where n = number of shifts. Note that for unsi gned numbers, 
the multiplication produces the correct answer, provided the pro- 
grammer remembers to account for all ONE's shifted into the carry 
bit. For example, if >5A00 is shifted left three times: 

1st shift results in >B400 with no carry 

2nd shift results in >6800 with carry 

(new value = >16800) 

3rd shift results in >D000 with no carry 

(new value = 2D000). 

For signed numbers, the left shift on signed numbers will produce 
an incorrect value if the MSB (sign bit) ever changes during the 
shifting. Such a change in sign with the left shift instruction 
causes the OVERFLOW status bit to be set. 
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1 
















































= 0001 



16 



= 000216 
= 0004^6 
= 0008 



= 0010 



0020 



= 0040 



= 0080 



= 0100 



= 0200 



= 0400 



= 0800 



16 



16 



16 



16 



16 



16 



16 



16 



16 



= lOOOig 
= 2000^6 
= 4000^6 



= 8000 



16 



Figure 5-20. Bit Map Array 
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JUMP ON CARRY 



GOC 



CODE: JOC Location 



10 II 12 13 1 4 15 16 17 18 |9 |10|11|12|13|14|15| 

I 1 I I I I I I I I I I 1 11 I I 

ISOOj^g 10 10 10 II 11 10 10 10 I Displacement (words) 1 

Length ; 1 word 
RESULT: If C = 1, (PC) + Displacement in (bytes) — ►(PC) 

10 11 12 13 14 15 16 17 18 |9 |10111112113|14115| 
STATUS 1 ~ ~ I 
REGISTER: I Not Affected L 



JOC ZhISTR 



OPERATION : 

If the carry bit in the status register is set, add 
the signed displacement in bytes (of the machine code 
instruction) to the contents of the incremented pro- 
gram counter and place the sum in the program coun- 
ter; otherwise, leave the PC unchanged. (The program 
counter is incremented after an instruction fetch.) 

NOTES: 

Used to transfer control to another part of the pro- 
gram (modify the contents of the program counter) 
if the carry status bit is set. 

Example: 



(PC) Before Instruction 
Fetch = 3190^6 



VIS? 



<f A L U h 






SIGN EKT 

CiN - 
cmp = 






;3190i6) = I8OC16 



New (PC) = 3IAA15 



Displacement (words) = (N/2) - 1 
= (26/2) - 1 

= ^^10 = ^16 

New PC = (Displacement (words) x 2) + PC + 2 
= iC.c X 2) + 3190 16 + 2 



10 


Locat 
3190 

11 12 
1 1 
10 U 
1 1 
10 10 


.ion 
16 

13 


14 


15 


16 


17 


18 


Mne 
JOC 

19 


momc 
$+26 C = 1 

1101111121131141151 


1 

10 

1 

10 


1 

u 

1 

11 


1 

10 
1 
11 


1 

10 

1 

10 


1 
10 

1 

10 


1 

11 
1 
10 


1 

U 
1 
10 


1 

10 
1 
10 


1 1 1 1 1 1 1 
1 01 11 01 01 01 01 
1 t 1 1 1 1 1 
1 01 01 11 11 01 01 










3190ie 


+ 
1 


18] 


L6 ' 


1- 2 


= 3IAA16 


1 

10 


i 
10 


1 
11 


1 
11 


1 

10 


1 

10 


1 

10 


1 
U 


1 
11 


1 
10 


I 1 1 1 1 1 1 

II 10 11 10 U 10 1 



= 3ii^ 



16 



Instruction Summary 5-1 
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JUMP IF NO CARRY 



JNC 



10 II 12 13 14 15 16 17 18 |9 |10|11| 12|13|14|15| 
CODE: JNC Location 1700ig |0 |0 |0 |'l |'o ll |1 |'l |' Displacement' (words) ! 

Length : 1 word 
RESULT: If C = 0, (PC) + Displacement in bytes — ►(PC) 



STATUS 1 
REGISTER: | 



10 II 12 13 14 15 16 17 18 |9 |10|11 |12|13|14I15I 



Not Affected 



OPERATION : 

If the carry bit in the status register is ZERO, add 
the signed displacement in bytes (of the machine code 
instruction) to the contents of the incremented pro- 
gram counter and place the result in the program 
counter; otherwise, leave the PC unchanged. (The 
program counter is incremented after an instruction 
fetch.) 

NOTES: 



JWC IWSTR 



VIS? 



c 



CY,OV, 



A L U 



x2 

SIGN EXT 

h- c,„ = 

X X — COHP = 




Used to transfer control to another part of the program (modify the contents 
of the program counter) if the carry status bit is cleared. 



Example: 



Location 



Mnemonic 
JNC $-8 



C = 



tors p ^ T * .• '0 !^ \} 13 14 15 16 |7 |8 |9 llOjll I12I13I14I15I 

(PC) Before Instruction 1 j \ | \ | | — | — r^~] — | — | — | — — — — r 

Fetch = 3190ig 10 |0 |1 |1 |0 |0 |0 |1 |1 |Q |0 |1 |0 [p |o |o | 

(3190ig) = 17FBi6 10 I0 I0 U I'o U I'l I'l I'l ll !l |'l |'l |'o |'l |'7T 



3190i6 + (-Aic) + 2 = 3188 



*16 



I I I I I I I I I I I I I I I I I 
New PC = 3188^6 I0 |0 11 11 |0 jO |0 |1 |1 |0 |0 |0 |1 |0 |0 |0 I 



Displacement (words) = (N/2) - 1 

= (-8/2) - 1 

= -^10 = -he 



New PC = (Displacement (words) x 2) + PC + 2 
16 



= (-5ig X 2) = 3190 + 2 
= 3188i 



Instruction Summary 5-2 
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COMPARE ONE'S CORRESPONDING 



COC 



CODE: COC S,R 



10 II 12 13 1 4 15 16 17 18 19 110lll|12|13|14|15 
1 I I I I I I 1 I I I 1 ! 1 ' 1 



2000^6 10 10 II 10 10 10 1 R 



I Tc I 



Length : 1 or 2 words 
RESULT: (S) AND (R); set equal status bit if result is zero. 



10 U 12 13 14 15 16 17 18 |9 1 10111 |12| 131 14115 1 

STATUS 1 I I I 

REGISTER: 1 lEQl ^ L 



OPERATION : 

Set theEQ status bit if all the bits in the contents 
of the destination register that correspond to the 
logic ONE bits in the source operand are logic ONE 
bits. 

NOTES : 

Used to test specified bits in the contents of any 
register. The bits to be tested are specified by 
logic one's in the bit mask (contents of the source). 



SET EQ, IF , j^2 
RESULT = ^ 




CY.OV, 

^^L I R3 



rr\r DO D'i 

^"'•"P^' ^- 10 II 12 13 14 15 16 17 18 |9 UOlll 112|13|14|15| 

I 1 I 1 1 1 I 1 1 I I I I I I I I 

Bit Mask (R2): U 10 |1 10 |0 11 10 |1 10 10 |0 |0 11 U 1 1 

1 I I 1 1 1 I I I 1 I 1 I I I I 

Destination {R3): II 10 |1 10 10 10 |0 10 10 10 10 10 U U U U 1 

X X 

Two bits did not match; clear EQ status bit. 

'''''']' ''' 1 I I I I I 1 I I I I I I I I I I 

Bit Mask (R2): II 10 U 10 10 11 10 |1 |0 |0 |0 |0 |1 |1 1 1 

1 — \ — 1 I I I 1 I 1 I I I I I 1 I 

Destination (R3): 11 10 |1 |0 U U 10 |1 10 10 10 10 U |1 U U 1 

All ONE bits in mask have corresponding logic ONE 
bits in destination; set EQ status bit. 
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COMPARE ZERO'S CORRESPONDING CZC 



10 II 12 13 14 15 16 17 18 |9 |10| 11|12| 13I14|15 
I I I I I I I I I I I 



CODE: CZC S,R 2400^5 |0 |0 |1 |0 |0 |1 | R j j^ j r^ 

J .•^ "191 Memory _Reference_ 

Length ; 1 or 2 words 
RESULT: (S) AND (R); set equal status bit If result is zero. 

iO II 12 13 14 15 16 17 18 |9 |10|11 |12|13|14I1 5I 

STATUS 1 \ I — r 

REGISTER : | jEQj | 

OPERATION: 



SET EQ, IF I R2 
Set the EQUAL status bit if all the bits in the des- RESULT = 0^ ^j 

tination register that correspond to the logic ONE i ^ C — ^ 
bits in the source operand are logic ZERO bits. ( [ J^^ 



NOTES: 



A L U ■• C,N - Q 

^ I k J— COHP - Q 



Used to test specified bits in the contents of any 
register. The bits to be tested are specified by 
logic one's in the bit mask (contents of the source). 

CZC R2,R3 

Example 1: 

10 II 12 13 14 15 16 17 18 |9 |10|11 |12|13I1 4I15I 

, , I I I I I I I I I I I I I I I I I 
Bit Mask {R2): |1 jO jl |0 |0 |1 |0 |1 |0 |0 10 jO |1 jl jl |1 I 

I I I I I I I I I I I I I I I I I 
Destination (R3): |0 |1 |0 |1 |1 |l |i |i |i |i [i |i |i |i n n | 

XX X X X X 

Six bits fail test; clear EQ status bit 

Example 2: 

I I I I I I I I I I I I I I I I I 
Bit Mask (R?): |1 |0 |1 jO |0 jl |0 |1 |0 10 jO |0 j l |1 |1 |l | 

I I I I I I I I I I I I I I I I I 
DESTINATION (R3): 10 jO |0 |1 |1 |0 |1 |0 |1 |1 |1 |1 |0 jO |0 jO I 

All ONE bits in mask have corresponding logic ZERO 
in destination: set EQ status bit 
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SET ONE'S CORRESPONDING 



SOC 



CODE: SOC S,D 



10 II 12 13 14 15 16 17 18 |9 |10|11|12|13114|15| 
I 1 I I 1 i i I I I I I I I I 1 I 
EOOOi. II II II 10 I Tn I Rn I Tq | Re I 



^16 



I Source vor Destins'tion) piBixiTj_RBfBTBptCB__ i 

T ~"~ T 

j p£Stijiati£n_Memor;/ R.^l'^rence J_ 

Length: 1 or 2 or 3 words 



RESULT: (S) OR (D) 



(D) 



10 U 12 13 14 15 16 17 18 19 |10|11|12|13|14|15| 



STATUS 1 I r [ 
REGISTER: iL>iA>iEQi 



IOC 3FC0 



^^fc=^ 



c-N - 




OPERATION : 

Set to a logic ONE all bits in the contents of the des- 
tination that correspond to the same bit positions 
with a logic ONE in the contents of the source. 
Leave unchanged in the destination any bits that have 
corresponding zero's in the source. This is a logical 
OR of the contents of the source and the contents of 
the destination with the result placed in the destina- 
tion. Compare the result to zero and set the status 
bits accordingly. 

NOTES: 

Used to set to a logic ONE a number of bits in the contents of the destination 
as specified by logic ONEs appearing in the bit mask (contents of the source). 
In short, this instruction is very useful for merging data fields into a single 
word or byte. 

Example: 

SOC R3,0>3FCO 

10 U 12 1 3 14 15 16 17 18 19 110lllll2ll3|14|151 

1 1 1 I 1 1 1 1 1 1 I I I 1 I I I 

Bit Mask (R3) |1 |0 |1 10 |0 U 10 U |0 10 10 10 U 11 |1 U 

1 1 1 1 1 1 1 1 I 1 I I I I i 

{>3FC0) Before: |0 |0 |1 U |1 U U U 10 10 10 10 10 |0 |0 

I I I I I 1 I I I I I I I I I I I 

(>3FC0) After: U 10 U U II U U U 10 10 10 10 |1 U U |1 1 

Status: L> = 1; A> = 0; EQ = 0. 
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SET ONE'S CORRESPONDING (BYTE) 



SOCB 



CODE: SOCB S.D 



10 II 12 13 14 15 16 17 18 |9 11 01 11 | 12 | 13 | 14 | 15 



FOOO^g II II II II I Tp I R 



I I I I I I I I I 



0. 



i _ loii'^£e_(o^r_De^sti n^a^i£nj_ MemoryJ^ef eren£e 
J £61tj_n£t20£ Memory Reference 



T 



byte 
RESULT: (S) OR (D) — ^(D) 



Length : 1 or 2 or 3 words 



CY,OV, 



10 II 12 13 14 15 16 17 18 |9 |10|11 |12|13|14|15 l 

STATUS I I I I n r 

REGISTER : |L>|A>|EQ| |0P| [ 

OPERATION : 

Set tologicONEall bits in the specified byte of the 
contents of the destination that correspond to the same 
bit positions with a logic ONE in the specified 
byte of the contents of the source. This is a logical 
OR of the contents of the source and the contents of 
the destination. Leave unchanged in the destination 
any bits that have corresponding ZERO' s in the source. 
Place the result in the specified byte of the destina- 
tion. Compare the result to zero and set the status 
bits accordingly. TheODD PARITY status bit is set if 
the modified byte has odd parity. 

NOTES : 

Used to set to a logic ONE a number of bits in the contents of the destination 

as specified by logic ONE's appearing in the bit mask (contents of the source). 

Example: 

SOC R3,@>3FC1 

10 II 12 13 14 15 16 17 18 |9 |10|1H12|13| 14|15| 

(>3FC0) | I I I I I I I I I I I I I I I I 

Befor ell |1 |1 |0 |0 |0 |0 |1 |1 |0 |0 |1 |0 |0 |0 |0 | 

Bit Mask I I I I I I I I I I I I I I I I I 

(>3Fco) i 1 1 1 1 1 T \ r r r r r r r r r '^ '^ '^ '^ '^ '^ '^ ' 

Afterll II II 10 10 |0 |0 |1 jl |0 |0 |1 |1 |1 |0 |0 | 




NOTE: >3FC1 is an odd byte. The byte instructions operate on or with 
the even byte of a workspace register. Thus, the bit mask must be 
displaced as shown to accomplish this instruction. 

Status: L> = 1; A> = 0; EQ =0; OP = 0. 
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SET ZERO'S CORRESPONDING 



SZC 

10 II 12 13 14 15 16 17 18 |9 |10| 11|12|13|14|15| 
1 I I I I I I i I I I 



CODE: SZC S,D 



4000^6 10 II 10 10 I Tp I Rp I Tq I 



1 _ So£r£e_{or_D^stijiati£n|^ Memory_Re^f eren£e_ I 

I pestijiati£n_R£f£r£n£e ]_ 

Length: 1 or 2 or 3 words 



RESULT : (^ AND (D) — ►(D) 

10 U 12 13 14 15 16 17 18 19 |10|1H12|13|14|15| 
STATUS 1 I I I 1 
REGISTER: |L>|A>|EQ| L 



LOC ffCO 






COMP = J 



/ ALU •• C,,^ =0 

\r~ L J— coMP 
AWP ' 



OPERATION : 

Set to a logic ZERO all bits in the contents of the des- 
tination that correspond to the same bit positions 
with a logic ONE in the contents of the source. Leave 
unchanged in the destination any bits that have corres- 
ponding ZERO' s in the source. PI ace the result in the 
location specified as the destination. The contents of 
the source are notchanged. This is similar to the AND 
instruction in other computers except that the compl e- 
ment of the source isAND-edwith the destination and 
tRe~result placed in the destination. Compare the re- 
sult to zero and set the status bits accordingly. 

NOTES : 

Used to set to a logic ZERO a number of bits in the contents of the destination 
as specified by the bit mask (contents of the source). This instruction is 
convenient for masking out or extracting fields of data as illustrated below. 

Example: 

10 U 12 13 1 4 15 16 17 18 19 llOIll |12|13|14|15 
1 I 1 1 I 1 1 1 I 1 I I I I I I 
Bit Mask (R3): U 10 U 10 |0 U 10 |1 |0 10 10 10 U U U U 



(>FFCO) Before: |1 U |1 10 |0 |0 10 |1 |1 |0 10 II U 10 |0 |1 



(>FFCO) After: 10 |1 |0 |0 |0 |0 |0 |0 |1 10 10 U |0 10 10 |0 

Status: L> = 1; A> = 1; EQ = 0.1 NOTE 1 1 NOTE 2 

1. All-ZERO nibble in bit mask extracts one nibble 
of data from original word. 

2. All-ONE nibble in the bit mask clears the corres- 
ponding destination nibble. 
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SET ZERO'S CORRESPONDING (BYTE) 



SZCB 



CODE: SZCB S,D 



10 II 12 13 14 15 16 17 18 |9 |10|1H 12|13|14|15 
I I I I I I I I I I I I I I I 
^°°°16 10 II 10 II I Tp I Rn I t' I Re 



I _ _^£"£l^Ji L^L D^es^ti^n^ti^on^) Memory Reference 



_ byte 
RESULT: (S) AND (D) — ► (D) 



£e£ti^n£tioji Memo ry_R e^fer^n oe 
Length : 1 or 2 or 3 words 



10 II 12 13 14 15 16 17 18 |9 |10|11 |12|13 |14|15l 

STATUS I I I I n — 

REGISTER : |L>|A>|EQ| |0P| 



CY.OV, 



OPERATION : 

Set to a logic ZERO all bits in the specified byte of 
the destination that correspond to the same bit pos- 
itions having a logic ONE in the contents of the 
source byte. Leave unchanged in the specified desti- 
nation byteany bits that have corresponding ZERO'S in 
the source. Place the result in the location speci- 
fied as the destination. The contents of the source 
are not changed. Compare the result to zero and set 
the status bits accordingly. The ODD PARITY status 
bit is set if the modified byte has odd parity. 

NOTES: 

Used to set to a logic ZERO a number of bits in the contents of the destination 
as specified by the logic ONE's appearing in the bit mask (the contents of the 
source). 

Example: 

SZCB R3,@>3FC0 




Bit Mask (R3) 

;>3FC0) Before 

(>3FC0) After 



10 II 12 13 14 15 16 17 18 |9 |10|11 |12|1 3|14il5l 
i I I I I I I I I I I I I I I I I 

11 II II 10 10 10 10 II II 10 10 II 10 10 10 10 I 

I I I I I I I I I I I I I I I I I 

II II II 10 II II 10 II 10 10 10 II II II II 11 I 

I I I I I I I I I I I I I I I 

10 10 10 II II 10 10 11 10 10 II 10 10 10 10 I 

1 Changed | Unchanged f 

Status: L> = 1; A> = 1; EQ = 0; OP = 0. 
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AND IMMEDIATE 



AND I 



10 1 1 12 13 14 15 16 17 18 19 110111112|13|U11 5| 
1 — I — I — I — 1 1 i 1 1 I 1 1 I 1 I 1 
CODE: ANDIR,IOP 0240,^ |n 10 10 10 10 10 U 10 1^ '^ '^'Q' ^ \ 



I OP 



RESULT: (R) AND lOP 



(R) 



Length : 2 words 



10 II 12 13 14 15 16 17 18 19 |10111112113|14 115 

STATUS 1 I I ! 
REGISTER: 1L>1A>1EQ1 



OPERATION : 

Perform a bit-by-bit logical AND operation between 
the contents of the specified register and the immed- 
iate operand (lOP). Place the resultinthe specified 
register. Compare the resul t to zero and set the stat- 
us bits accordingly. 



NOTES; 




c 



A L U U C,N -0 

L , — coMP = 




^^^?eru"r/^;eij4c?firA^^ir :^ ^^^^ - - .n .s. ,iop,. 






ANDI R8,>A50F 

1 II 12 13 14 15 16 17 18 19 1101111121131141151 

1 — I — 1 — I — 1 I 1 I I I I I ' ' ' 

Bit Mask OA50F): jllMnOlO U jO U I0 {0 jO jO j^^f-[H 

(R8) Before: IIVI^^ 
(R8) After: 11 10 ll lo 10 jl m H 10 10 10 10 jO I0 1^ ^U^ 

1 NOTE 1 1 NOTE 2 I 

1. All-ZERO nibble masks out the corresponding des- 
tination nibble. .uki« «f Hata frnm 

2. All-ONE nibble extracts one nibble of data rrom 

original word. 

Status: L> = 1; A> = 0; EQ = 0. 
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OR IMMEDIATE 



OR I 



CODE : ORI R,IOP 



RESULT: (R) OR lOP 



j^-{i-|^{3 14 15 16 17 1 8 19 11011111211311411^1 
°2^0l6 10 10 10 10 10 iO II 10 10 I'l li lo ,' ' i ' { 



I OP 



Length : 2 words 



(R) 




STATUS I'Q 1^ 1^ p 14 15 16 |7 18 19 IIOMI IIPMc^li.p. 
REGISTER : |L>|A>|EOI 

OPERATION : 

Perform a logical OR operation between the contents 

nnl^ ^l^ 'It "^^9^^^^^ 3"d the Immediate operand 
UOP). Place the result in the specified reaister 
S?S?n^?^ -result to zero and set the sta[uf bUs 

NOTES : 

Used to set to logic ONE those bits In the contents 

mask f Topf rn "^^V^l^^ ''^'^^ correspond to the logic ONE bits in the bit 
reg1si^?^i.h^:s"Xn^^\n^^??nl^-??o^ t'clM^tl'^ ''' ^"^° ''^ ^^^ 
Example: 
ORI R5,>A50F 

r P r ? r 1^ 1^ 1^ 1 ^ i^ ll0lllll2n,^Md|i.| 

^^•t"^^k(>A50F): IMML, ^!! 1 |'o |'o 10 10 I'l li li li I 

(«7) Before: jl [0 11 |1 iQjrio 11 |'o 11 11 10 In In li !i j 

(R7) After: U 10 |1 |1 |o ll jo jl 10 II ll lo li !i !i I J 

Status: L> = 1; A> = 0; EQ = 0. 
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EXCLUSIVE OR 



XOR 



CODE: XOR S.R 



RESULT: (S) XOR (R) 





10 


11 


12 


13 


14 


15 


16 17 18 


19 |10|11|12|13|14|15| 


280016 


1 
10 


1 
10 


1 
11 


1 
10 


1 
11 


1 
10 


1 1 1 
1 R 


1 1 1 1 
1 Tc 1 _ 


1 1 1 1 
Rq I 




1 

i 








JSiource^ Memory_R^ference 


1 
1 



Length : 1 or 2 words 



(R) 



10 II 12 13 14 15 16 17 18 |9 |10|11 |12|13|14|15 

STATUS 1 I I I 

REGISTER: iL>|A>iEQi 



OPERATION : 

Perform a bit-by-bit exclusive OR of the contents of 
the source with the contents of the specified des- 
tination register. Place the result in the destination 
register. Compare the result to zero and set the status 
bits accordingly. 



NOTES: 

Used to complement (invert) selectively those bits in 

the designated register which are specified by logic 

uncd in uie StUuTue vuit liidSK^. 

Example: 
XOR @>1F00,R5 




EK-OR 



Bit Mask (IFOO): 
(R5) Before: 
(R5) After: 



10 11 12 


13 14 15 16 17 18 9 |10|ll|12|13|i4il5| 


I 1 1 

II 10 11 


1 1 1 1 1 1 1 1 1 1 1 1 1 
10 10 11 10 11 10 10 10 11 11 11 11 1 


I 1 1 

II 10 11 


i 1 1 1 1 1 1 1 1 1 1 1 1 
11 10 11 10 11 10 1 11 10 10 10 11 11 1 


1 1 1 
10 10 10 


I 1 1 1 1 1 1 1 1 1 1 1 1 

II 10 10 10 10 10 1 11 10 11 11 10 10 1 



status: L> = 1; A> = 1; EQ = 0. 
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SHIFT RIGHT ARITHMETIC 



SRA 



CODE: SRA R,C 



RESULT; 



10 II 12 13 1 4 15 16 17 18 |9 |10|11 |12|1 3|14|15| 

I I I I 1 I I I I T~rT"T~ri I I 

0800^5 IQ 10 10 10 II 10 10 10 I C I R I 



C places 



Length : 1 word 



1 



r 



14 15 

x~l—»" Register 



sign 

10 II 12 13 14 15 16 17 18 |9 |10|11 |12|13|14|15| 

STATUS T~\ m r 

REGISTER: |L>|A>|EQ|C | I 



OPERATION : 

Shift the contents of the specified register to the right by the number of 
spaces specified by the count, C. Fill the vacated spaces with the sign bit 
(original Bit 0) value. The last bit shifted out is placed in the carry status 
bit. If C is 0, the shift count is defined by the lowest four bits of RO. If 
these four bits of RO are also equal to zero, the shift count is 16. Compare 
the result to zero and set ttie other status bits (L>, A>, EQ) accordingly. 

NOTES : 

Used to shift the contents of a memory location to the right while preserving 
the sign bit. If the word to be modified is not in a workspace register, 
execute a MOV instruction to load the register, then SRA. 

Example: 

SRA R9,5 

10 II 12 13 14 15 16 17 18 |9 |10|11 |12|13|14|15| 

I I I I I I I I I I I I I I I I I 
(R9) Before: |1 10 |0 |1 |1 |1 |1 |0 |0 |1 |1 |1 |0 |0 |0 |0 I 

I I I I I I I I I I I I I I I I I 
(R9) After: |1 11 |1 |1 |1 |1 |0 |0 |1 |1 |1 |1 |0 |0 |1 |1 | 

Status: y> = 1; A> = 0; EQ = 0; C = 1. 
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SHIFT RIGHT LOGICAL -§^ 



10 11 12 13 14 15 16 1 7 18 19 |10|11|12113114115! 
1 1 1 1 1 I I I I I 1 I 1 I M 
CODE : SRL R,C 0900^6 10 10 10 10 U 10 I0 U I 9 I R 

Length : 1 word 

C places 



RESULT : } . }\^^ , „ . , 
. ^x Ix 1 ix jx i -»>Register 



10 U 12 13 14 15 16 17 18 19 1101111121131141151 

T r 1 r~ ~~ 

I i I I 
REGISTER: 1L>1A>1EQ1C 



-T 1 1 r 

i>lAlU5 I i I I I 



OPERATION: 



Shift the contents of the specified workspace regi ster to the right by the num- 
ber VbitpositTons specified by the count. C. Fill the vacated positions with 
logic ZERO. The last bit shifted out is placed in the carry status bit. If 
C is 0. the shift count i s defined by the lowest four bits of RO; if these 
four bits of RO ar c also e qual to 0, the shift cou n t _is_,l_6. Compare the result 
to zero and set the other status bits (L>,A>,EQ) accordingly. 



NOTES: 



Used to shift the contents of a register to the right. If the word to be modi- 
fied is not presently in a register, execute aMOV instruction to load the reg- 



ister, then SRL. 
Example: 
SRL R9,5 



10 U 12 13 14 15 16 17 18 19 jlOUl |12|13114115| 

1 — I — I — I — 111 \ I \ I I 1 I \ I r 

{R9) Before: II 10 |0 |1 U 11 U 10 |0 jl 11 U 10 |0 jO jO j 

(R9) After: 10 10 |Q 10 10 U |0 |0 |1 U II U 10 10 U U 1 

Status: L> = 1; A> = 1; EQ = 0; C =1. 
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SHIFT RIGHT CIRCULAR 



SRC 



CODE: SRC R,C 



RESULT: 



II 12 13 14 15 16 17 18 |9 I 10| 11 |12|13|14|15| 

1 I I I 1 \ I I r~i — I — I — I — I — I — i — ! 

OBOO^g 10 10 10 10 II 10 II I II C I R I 



C places 



Length: 1 word 



1 14 15 

X |x I IX Ix | -| Register 



10 II 2 13 4 15 16 17 18 |9 |10|11 |12|1 3|14I15I 

STATUS 1 I I I I — -r 

REGISTER : |L>|A>|EQ|C | 



OPERATION : 

Shift the contents of the specified register to the right by the number of 
bit positions specified by the count, C. Each bit shifted out of bit position 
15 IS shifted into bit position 0. The state of the last bit shifted out of 
bit position 15 is placed in the carry status bit. If C is 0, the shift count 
IS defined by the lowest four bits of RO. If these four bits of RO are also 
equal to 0, the shift count is 16. • Compare the result to ZERO and set the 
other status bits (L>, A>, EQ) accordingly. 

NOTES: 

Used to shift the contents of any register to the right without losing any of 
the bits. That is, the original data can be restored by executing a second 
shift where the shift count is the 16' s complement of the first shift count. 

Example: 
SRC R9,5 

10 II 12 13 14 15 16 17 18 |9 llOIll 112 I13I14I15 



{R9) Before: |1 |0 |0 |1 |1 |1 |1 |0 |0 |1 |1 |1 |0 10 |0 |0 



(R9) After: II |0 |0 |0 |0 |1 |0 |0 |1 |1 |1 |1 |0 |0 |1 |1 



Status: L> = 1; A> = 0; EQ = 0; C = 1. 
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5.6 PROGRAM EXAMPLE: MEMORY TEST 

A program to verify correct operation of RAM is very useful 
in the operation of any computer system. Such a program is used 
routinely as a system check, or reserved for troubl e-shooti ng time. 
One such program, called the memory test module, is presented in 
flowchart form in Fiqure 5-21. The f 1 ow chart graphical ly represents 
the'program flow, showing an entry point (BEGIN block), an exit 
point, numerous operations (rectangles), and decision points (dia- 
mond-shaped blocks). With the program flow diagrammed this way. 
the logic is easier to follow. 

The memory test module performs the following tests. 

** Writes OOOO^^g to each memory location, beginning and 
ending at specified locations. 

" Checks each test location to be sure that all locations 
contain OOOOig. ^^^^ 

<" Writes patterns SOOOig. COOO15, EOOOig ... FFFhg m 
succession to each location, clieckingfor correct pat- 
terns at each test 1 ocation and veri f ies correct opera- 

" Reports each fault by displaying the faulty memory 
location, the pattern which was read back, and the 
test pattern. 



after it 



Figure 5-22 shows a listing of the memory test module aftei 
was assembled (translated from assembly language to machine lang uage ) 
on a 990 family minicomputer driving a line printer. A listing is 
a printed document produced by an assembler program which shows, 
among other things , a compari son of the assembly 1 anguage statements 
input to the assembler and the machi ne code produced by the assembler 



mil 3 w I 



during translation. The listing is proaucea wii^n seven cuiu 
data: 

" Line numbers 

** Address locations 

" Machine code 

° Labels (used for programmer convenience) 

*• Instruction nmemonics 

** Operands 

*> Comments (very important in helping users to under- 
stand program flow) 

It should be noted that different assembler programs produce 
different listings, according to the available equipment and operating 
system requirements. Line numbers (which identify each program state- 
ment and comment taken from the source 1 i sti ng) will not be produced 
by the TM 990/189 assembler. The student wil 1 util ize only the address 
locations and the machine code from this listing while entering the 
program. The listing should be studied as a whole to understand pro- 
gram operation. 
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1. 


SET m = BEGINNING LOCATION 


2. 


SET R5 = END ADDRESS 


DISPLAY FORMAT: 


1. 


xxxx FAULT ADDRESS, 




PRESS KEY 


2. 


XXXX FAILED PAHERN. 




PRESS KEY 


3. 


XXXX TEST PAHERN 



Figure 5-21* Flowchart for Memory Test Module 
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MEMTEST 



SDSMAC 



3.1 « 10:14:51 FRIDAY, DEC 22, 1978. 



PAGE 0002 



0001 
0002 
0003 

0004 0200 

0005 0200 

0006 0220 
0222 

0007 0224 
0226 

0008 0228 
022A 

0009 022C 

0010 022E 

0011 0230 



0012 
0013 



0232 
0234 



0014 0236 

0015 0238 

0016 023 A 

0017 023C 

0018 023E 

0019 0240 

0020 0242 

0021 0244 

0022 0246 

0023 0248 

0024 024A 

0025 024C 

0026 024E 

0027 0250 

0028 0252 

0029 0254 

0030 0256 

0031 0258 

0032 025A 

0033 025C 

0034 025E 

0035 0260 
0262 

0036 0264 

0037 0266 
0268 

0038 026A 

0039 026C 
026E 

0040 0270 



0272 
0274 



0041 
0042 
0043 

0044 0276 
0045 
NO ERRORS 



02E0 

0200 

0206 

ODOO 

0207 

OAOO 

04C2 

04C3 

C044 

CC43 

8141 

12FD 

C044 

80D1 

130D 

0582 

2E81 

2F49 

2F06 

2F07 

2E91 

2F49 

2F06 

2F07 

2E83 

2F49 

2F06 

2F07 

05C1 

8141 

12EE 

C044 

0283 

0000 

1603 

0203 

8000 

10E3 

0283 

FFFF 

1302 

0813 

lODE 

0276 

0340 

0220 



*USER INSTRUCTIONS: 

IDT 'MEMTEST' 

AORO >200 
WS BSS 32 
ST LWPI WS 



LI 

LI 

CLR 
CLR 
MOV 
OT MOV 
C 

JLE 
MOV 
IN C 

JEQ 
INC 
XOP 
XOP 
XOP 
XOP 
XOP 
XOP 
XOP 
XOP 
XOP 
XOP 
XOP 
XOP 
IC INCT 
C 

JLE 
MOV 
CI 



R6, >0DOO 

R7, >0A00 

R2 
R3 

R4, Rl 
R3, ♦R1 + 
R1,R5 
OT 

R4.R1 
*R1,R3 
IC 
R2 

Rl, 10 
R9, 13 
R6, 12 
R7, 12 
*R1, 10 
R9, 13 
R6, 12 
R7, 12 
R3, 10 
R9, 13 
R6> 12 
R7, 12 
Rl 

R1,R5 
IN 

R4, Rl 
R3, 



JNE NX 

LI R3, >8000 

JMP OT 

NX CI R3, -1 

JEQ DN 

SRA R3, 1 

JMP OT 

DN EQU « 
IDLE 

END ST 



LOAD ADDRESS FOR TESl S I ART IN R4 AND 
END ADDRESS IN R5. 

DEFINE ORIGIN 

RESERVE MEMORY FOR WORKSPACE 

INITIALIZE WORKSPACE POINTER 

CARRIAGE RETURN AND LINE FEED 

USED TO BLANK DISPLAY 

CLEAR ERROR COUNTER _ 

SET FIRST TEST PATTtRN 

LOAD STARTING ADDRESS 

OUTPUT PATTERN TO MEMORY 

CHECK FOR END ADDRESS 

NOT LAST ADDRESS, RETURN 

SET STARTING ADDRESS AGAIN 

TEST FOR CORRECT PATTERN 

NO ERROR. SKIP ERROR ROUTINE 

TALLY ERROR 

OUTPUT ERROR ADDRESS 

USER PAUSE TO RECORD DATA 

BLANK DISPLAY BY SENDING 

CARRIAGE RETURN AND LINE FEED 

OUTPUT FAULTY PATTERN 

READ ONE CHARACTER, NO ECHO 

BLANK DISPLAY BY SENDING 

CARRIAGE RETURN AND LINE FEED 

OUTPUT TEST PATTERN 

USER PAUSE TO RECORD DATA 

BLANK DISPLAY BY SENDING 

CARRIAGE RETURN AND LINE FEED 

TEST NEXT ADDRESS 

CHECK FOR END ADDRESS 

NOT END ADDRESS, RETURN 

SET STARTING ADDRESS AGAIN 

CHECK FOR FIRST PASS 

IF NOT, TEST FOR LAST PASS 
SET UP PASS TWO PATTERN 

TEST WITH NEW PATTERN 
CHECK FOR LAST PASS 

CHECK FOR TEST DONE 

CHANGE PATTERN FOR NEXT PASS 

TEST WITH NEW PATTERN 



Figure 5-22. Listing for Memory Test Module 
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The program begins operation by initializing the workspace 
pointer, the initial -■^'■^ "- " •■• ■ ^ 



er 
pa 



inter, tne initial pattern to be written to the memory and the 

t?prn?n"nffnV t/Jh V-'"'^ P-^og^^"! ^^OP begins by writing the first 
ttern (0000 to the first memory 1 ocati on to be tested, incrementing 
the pointer (test address) and then checking for the en( 
Until the end address appears in the pointer location 
will continue. Next, the pointer is set again to th< 



g 

d address, 
the loop 

„... uv.. neA^,, urie puincer is set again to the starting 

address and each location is tested (read) for the correct pattern. 
If any location does not match the test pattern, the address which 
failed IS reported, and the a program waits for the operator to 
press any key. When a key is pressed, the program resumes operation 
briefly to display the pattern contained by the memory address 

whir" -FaTlo/^ nir,/>+UQ.»--,..-_^-^_i.„,,^. . •' .,- "^ v*v.**iwjj 

wf. .c. . « . . evu. nn^uiier pause i or d ^eystroKe occurs whilethe operator 
records the faulty pattern. Finally, a second keystroke causes 
the test pattern to be displayed until it is terminated by a third 
keystroke. Note that XOP instructions are used to implement the 
interactive display error reporting. XOP's are utilized for this 
special purpose and are discussed in detail in Chapter 8. 

-Assuming the error found was an isolated instance, the program 
will continue testing memory until all specified locations have 
been tested. If a conti guous bl ock of memory is faulty, each succes- 
sive location will be reported as faulty. The record/keystroke se- 
quence discussed above must be repeated for each location. 

After the first pass (a pass consists of writing a pattern 
+" onnn" ^^^^^"9 ^^^ errors), the pattern is changed from 0000,^ 
to «000^g and the whole wri te-and-test section is performed again? 
After each successive pass, the pattern is shifted (SRA) so that 
the pattern progresses thus: 8000,^, COOOifi, EOOOic etc and the 
test is repeated with each new pattern. ^^ ^^ ' ^ 

^P^""^^^, ^^A®^ test in the following manner. Load the program 
t^^h^tl"? Z'-^^^^ie. then put the address of the first location 
to be tested into workspace register R4, and the end address + 1 
in R5. Start the test, and record the errors found, if any. Select 
as the starting address the first free address after the end of 
the test program, and set 0400^^ as the ending address. This tests 
all the remaining RAM in the normal RAM area, and should yield 
one error at 1 ocation 0400, ^ i f the TM 990/189 i s operati ng properly . 
See the section on LAB EXPERIMENTS below for further tests with 
this program. 

5.7 SUMMARY 

The field of data storage for computers is yery diverse. The 
technology has advanced to the point where a wide variety of semi- 
conductor memory technologies is available to facilitate the cost- 
effective adaptation of microcomputer control to a wide variety 
of tasks. •' 

Mass memory has also kept pace and is being addressed by a 
number of semiconductor technologies. "^ 
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The University Board is treated as an example of a microprocessor 
system design using the latest available static memory technology. 
Also! the latest development in buffers, byte wide drivers, are 
employed for off-board expansion. 

This chapter discusses the third subset of TMS 9980A instruc- 
tions. This subset expands the programming vers^a^tilUy by^^a^dding 
to the available shift and jump i ns-cructions, anu ...u.uduv... ^n.. 
concept of bit manipulations and testing. 

Finally a memory diagnostic tool is furnished which allows 
easy checkout of memory reactions. The diagnostic is useful both 
?or trouble-shooting the University Board and for checkout of new 
memory designs. 

5.8 EXERCISES 

1. The TMS 9980A has H^q address lines. 

(a) How many locations in memory will it address 
di rectly? 

(b) If a program requires only two workspaces and a 60- 
byte buffer is required, how many bytes of read- 
write memory is available on a fully populated 
University Board? (Assume US^g bytes are used 
for monitor buffer. ) 

2 Specify the lowest cost design of a memory system for 
applications detailed below, assuming the following expenses. 

•* PC board area - $0.50 per memory component 
® Power supply - $15 per voltage requirsv. 
° IC costs as detailed below in Table 5-1. 



Table 5-1 



IC 




Powei 


'' Supplies 


32 x 8 


PftOM 


+ 5v 


256 X 4 


PROM 




+ 5v 


256 X 8 


PROM 




+ 5v 


IK X 8 


PROM 




+ 5v 


128 X 8 


RAM 




+ 5v 


256 X 4 


RAM 




+ 5v 


IK X 1 


RAM 




+ 5v 


IK X 4 


RAM 




+ 5v 


64 X 9 


RAM 




+ 5v 


IK X 1 


RAM 




+ 5v 


IK X 8 


EPROM 


+ 5v. 


-5v,+12v 



Process A ccess (ns) Cost 

— rnrr" stj " jrrr^ 

STTL 50 $3.63 

STTL 50 $6.35 

STTL 50 $32.20 

NMOS 450 $4.50 

NMOS 450 $2.08 

NMOS 450 $1.92 

NMOS 450 $13.50 

STTL 50 $22.00 

STTL 50 $17.60 

NMOS 450 $13.95 
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(a) 



(b) 



(c) 



A bootstrap loader for a particul ar microproces- 
sor needs 48 bytes, and the intended application 
will use IK bytes of program and a maximum of 
128 bytes of scratch-pad RAM. Select components 
for the lowest cost memory, assuming that the 
bootstrap loader will be used to enter program 
code. Required memory access time--450 ns. 

Select components for a memory with 500-ns access 
time, 1800 bytes of program in PROM or EPROM, 
and a minimum of 128 bytes of scratch-pad RAM. 



Kepeat 
time. 



iB; above for a memory with 100-ns access 



ion Refer to Figure 5-19 and assumes comes true on a TMS 4014- 
120 ns after the address is valid. How long before the end of 
the read cycle will the data become valid, if t^^^^^ is 650 ns? 

4. In exercises, what is the maximum time one can expect data 
to be valid? 

5. If register R5 contains >4800, what bit mask is required 
to change the contents of R5 to >4867 when using either the SOC or 
the ORI instruction? Write the source code two different ways to 
achieve this change? ^ 

6. Sketch the arrangement of address and data lines for a 4K 
X 8 memory using 

(a) IK X 4 IC's 

(b) 4K X 1 IC's 

7. Assume that register R5 contains >A800 before the execu- 
tion of each instruction listed below. Enter the R5 contents of R5 
which will result from executing each instruction. 

ANDI R5,>A200 {R5) = 

ORI R5,>B000 (R5) = 

XOR @>1000,R5 (R5) = 

(>1000) = >100F 



vro .^•, Sketch a diode ROM which contains >B2 in location >0001 and 
>C3 in location >0002. 



B7 B6 B5 B4 B3 B2 



>0001 



>0002 



Bl 



BO 
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5.9 LAB EXPERIMENTS 

1. When the memory test module (Figure 5-22) was used to 

test on-board RAM with the Instructions provided, the result should 

have been one error reported at >0400. Run the test again, speci fyi ng 

>0405 as the ending address (value in R5). Record the results and 

i_j- ..u.. 4.ua f si ^ nva vannv^^i nn nAttprn chanqed. 

explain wrijri»nciaiiui«i iv.^;*/iw...^ r~ ••• ~ g-- 

2. Run the memory test again, with >3000 in R4 and >3002 
in R5. Record and explain the results. 

3. Modify the test so that R3 is cleared by using SZC, then 
repeat Experiment 1 above as a test of program validity. The 
program originally used 28 instructions. How many are now needed? 

4. Report the number of bytes required for both the original 

c^^M-.— ^w^ A ^nv. *-v,A ntnAi f A aA nvnny Atn fia\t al nnpi t\ In Fynpriment 3- 

uruyraiii aiiu lui mv; iiis/\*iiiv.« ^iwgi««... — ^.^.j^!-— ... _..pj_ ■i^.-«' 

5. Modify the test so that SRL is used to change the test 
pattern. Then test the new program as i n Experiment 3. What addi tional 
program steps must be used so that the same test patterns will 
be used? 
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CHAPTER 6 
INPUT/OUTPUT CONCEPTS 



6.1 INTRODUCTION 

In preceding chapters, two of the three major parts of a complete 
microprocessor system are explored: the processor and a system s 
memory. This chapter begins a detailed study of the third part 
of a system: the input/output section (I/O). 

The main categories of I/O operation are discussed along with 

the advantages and disadvantages of each. T^J^J^^'^V" <f Vif«^°/' nn 
are then related to I/O options available with the TMS 9980A on 
the University Board. One of these options, an I/O port called 
the "Communications Register Unit," is a unique feature of the TI 
9900 microprocessor family architecture. This port, called the CRU 
for short, and its operation receive special attention. The TMS 
9980A instruction set includes a group of instructions associated 
with the CRU. These instructions and their operation are explained. 

A program example at the end of the chapter illustrates the 
operation of the CRU in an application. 

Additional UNIBUG commands are introduced to allow the operator 
to store and retrieve data to and from tape cassettes using the 
I/O ports on the TM 990/189. 

6.2 COMPUTER SYSTEM REVIEW: I/O FUNCTION 

Refer to Figure 6-1 and recall that a microprocessor system 
is composed of three main parts: the processor, memory, and I/O. 
Discussions thus far have deal twit h the characteri sties and functions 
of the processor and memory. Now the focus is on the I/O subsystem. 

The function of the I/O section is to communicate with and 
interact between the processor (including its programs and data 
in memory) and the world outside the processor system. As depicted 
in Figure 6-2, the I/O section is composed of devices with which 
the processor interacts or communicates, i nterf ace 1 ogic components 
used to condition or coordinate interaction between those devices 
and the system, and those portions of a processor s architecture 
that provide for interaction. 

The interaction between a processor system and peripheral I/O 
devices includes the passage of data, including commands and status 
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Figure 6-1. The Input/Output Section in a Microprocessor Systei 
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Figure 6--2. The Input/Output Section 



requests. In addition, the I/O section is normally designed to 
alert the processor through the use of interrupts when a device 
needs servicing. As with the memory section, the I/O section performs 
under direction of control signals from the processor. 



In a complete system, it is 
to be the most complex part. 



not uncommon for the I/O section 



"Throughput" is often used as a prime measurement of the per- 
formance of a processor system. Throughput, which is the amount 
of data that can be input, processed, and output by a system in 
a given period of time, is largely influenced by the percentage 
of I/O operation compared to the precentage of processing operation 
and, within the I/O section, by the speed, efficiency, and architec- 
ture of the I/O ports. 

"Port" is the name given to an interface between I/O devices 
and the processor system. It is composed of one or more I/O lines. 

Interface circuitry is normally used between a port and an 
I/O device to al 1 ow a device to recognize when it is being addressed, 
to allow a device to alert the processor when it needs servicing, 
and to coordinate the transfer of information between a device and 
the processor's ports. 

The interface circuitry may consi st of several discrete small- 
or medium-scale i ntegration (SSI or MSI) components. It is becoming 
more common, however, to combine the interface functions of address 
decoding, control, and data transfer within a single LSI component. 
The trend is also toward intelligent, programmable LSI peripheral 
components the I/O functions of which can be configured upon command 
from the processor and even dynamical ly reconfigured by the processor 
as a program is running. 

The devices in the I/O periphery are as varied as the applica- 
tions. They can be used to store data "offline;" that is, data 
that does not have to be "online" or held continual ly in the system's 
memory components. Examples of such devices were mentioned in 
the last chapter: tape transports, disks, card readers, and other 
mass-storage devices. Other examples of I/O devices include those 
which control actions or sense conditions, such as relays and 
switches. Devices can also be used to measure magnitude, distance, 
speed, or time. A thermistor, for exampl e, can measure the temperature 
within a furnace. A thermistor is a device the resistance of which 
varies inversely with the temperature of its envi ronment. It converts 
temperature into an electrically measureable quantity. However, 
such a measurement is part of a continuous or "analog" range of 
values, not a digital value. Before this quantity can be used 
directly by the processor, it must be digitized (converted to a 
binary value). Figure 6-3 shows a representative analog signal 
produced by a thermistor and a converted digital signal that approx- 
imates the analog signal. As shown in Figure 6-4, a common method 
of altering a signal is to employ an analog-to-digital converter. 
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Figure 6-3. An Analog Signal Versus a Digital Signal 
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Figure 6-4. Digitizing an Analog 
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This electronic device converts an analog signal to a digital value 
suitable for input to a processor. 

Conversely, if a processor is to output a value to an analog 
device, it is necessary to convert the digital output from the 
processor to an analog value. Another I/O device, a digital-to-anal og 
converter, does this. As the name implies, this device takes a 
binary value either in parallel or in series (depending upon the 
D/A device) from the processor and quantifies the binary value into 
an analog value. 

As an example, refer to Figure 6-5 where a processor is con- 
trolling an electric motor. The speed of the motor Is controlled 
by a varying current. The processor outputs a binary quantity to 
indirectly express the amount of current to be fed to the motor. 
The binary value is converted by a digital -to-analog converter into 
an analog value to directly control current to the motor. 

Even with binary data, I/O periphery is often necessary to 
limit or expand the voltage range of the signals or to otherwise 
condition the data. 

Now that the function of the I/O section in a system has been 
determined, the various approaches to implementing the I/O will 
be examined. 



6.3 OVERVIEW OF I/O CATEGORIES 

Generally speaking, there are three categories of I/O opera- 
tion: 

** Program-controlled I/O 

** Interrupt-dri ven I/O 

** Direct memory access I/O. 

Each category has its own unique characteristics, advantages, and 
di sadvantages . 

Program-Controlled I/O 

Program-controlled I/O is the simplest method of operation. 
A program in the memory initiates all communication and data transfers 
between the processor and peripheral devices. Normally, the program 
causes the processor to put a device address on the address bus, 
and then outputs a control signal to the I/O interface to alert 
the I/O section that a device is being addressed. The I/O interface 
decodes the address on the address bus to determine which device 
is being addressed, and in the same operation alerts the device. 

Included within the data on the address bus, or included in 
a subsequent piece of data, is a command from the processor allowing 
the device to determine what is needed from it. This command may 

266 



. nft-prtn A Mm Trirn 

nuiUR rtrirLiricr\ 



CONVERTER 



CIRCUITRY 




DIGITAL 
INPUT 



c 



CONTROL 



DATA 



CONTROL 



Figure 6-5. Converting a Digital Control 
Signal to an Analog Control Signal 



CHARACTER 
BUFFER 



STATUS 



annpccc nilC 
n u ii n ^ 'J ^ uww 




Iz 



3^ INTERFACE 




DATA 



CONTROL 



KEYBOARD 



MICROPROCESSOR 
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tell the device to perform some action such as prepare to receive 
data or to turn on a connected device. The command might, instead, 
ask the device if a motor connected to it is on, or if a device 
has data to send. The answer to such questions is usually returned 
in the form of a device "status": one or more bits indicating the 
state of the device. 

Once this "handshaking" has been completed, data can then be 
passed under program control according to a predefined protocol. 

To better understand the interaction of an I/O device and the 
processor, take the example of a keyboard illustrated in Figure 
6-6, Assume that whenever a key is struck, the ASCII code for 
the character is stored in a buffer at the keyboard. Whenever there 
is at least one character collected in the buffer, a status bit 
is set indicating the buffer is not empty. More than one character 
can be collected in the buffer and can be removed from the buffer 
in the same order as entered. Such an arrangement is called a FIFO 
or a "first-in, first-out" arrangement. 

As the program in the system's memory is running, the program 
will periodically check to see if the keyboard has a character 
in its buffer (a process called "polling"). To make this check, 
the program must be able to refer to the device. Usually the system 
designer assigns an I/O port address to each device by which the 
program can reference the device. Whenever the program causes this 
unique address to appear on the address bus in conjunction with 
a given control signal, the interface circuitry completes the con- 
necting link between the processor and the device. The instruction 
that causes this connection to take place may be a special I/O 
instruction in the processor's instruction set or it may be a type 
of instruction which i s al so used for memory-to-processor data trans- 
fers. In any case, the important point is that the program, and 
not the device, inititated the interaction. 

The advantage of program-controlled I/O is that a minimum of 
interface circuitry is usually required. It also allows for a 
wide range of I/O speeds in the low- to moderate-speed range. 

The disadvantages are that it is limited to the slower speed 
ranges and that the transfer of data is dependent upon the program 
initiating the interaction. High-speed devices or devices having 
data of immediate urgency for the system may not be abl e to tol erate 
these limitations. 

Interrupt-Dri ven I/O 

In the previous example of employing program-controlled I/O 
for the keyboard input, there i s the requirement that the processor's 
program must ask for a character before the keyboard can send one. 
The possibil i ty exi sts that the program may become involved in other 
tasks while numerous characters are being entered from the keyboard 
and collected in the buffer. There is the hazard that, if the program 
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fails to ask for input often enough, the buffer will become full 
and characters will be lost. A careful system analysis might prove 
this risk to be nonexistent. On the other hand, if the danger 
proves to be real, a solution could be the use of i nterrupt-dri ven 
I/O. 

With interrupt-dri ven I/O, a device does not have to wait for 

ready to be sent. Now, the keyboard device can immediately alert 
the processor whenever a character is in the buffer. No matter what 
the processor's program is doing at the time when a character is 
entered on the keyboard, the device can directly ask for the proces- 
sor's attention through an interrupt. 

Most processors receive interrupt signals through one or more 
control lines into the processor. These interrupts are sent by 
external devices to request the processor to suspend what it is 

currcFiuiy uuin^ in urucr uu icivi».»c unc ucviv^c inibiauinvj unc in- 
terrupt. 

Figure 6-7 shows a typical interrupt operation. Whenaninterrupt 
request is detected by the processor, it normally saves enough 
information to allow a return to the current (interrupted) program 
and then transfers control to an i nterrupt service routine to process 
the interrupt. When the interrupt processing is completed, the 
interrupt service program allows the processor to return control 
to the interrupted program, at the point of interruption. 

During transfer of control to an interrupt service program, 
the TMS 9980A processor saves i nf ormation to provide for an orderly 
return to the interrupted program when the interrupt processing 
is completed. 

U-ith noa^lw all nrnroccnrcthat hsup intpmint rflnahilitv thp 

logic of the processor automatically saves the contents of the program 
counter before transferring control to the interrupt service program. 
(The transfer of control is made by putting the start address of 
the interrupt service program into the program counter. ) It is usually 
necessary, however, to save more than the contents of the program 
counter. Such things as the contents of the status register and 
the contents of the working registers must also be saved for later 
restoration, because the interrupt service program will be using 
these regi sters f or i ts own data and the status register will change 
as the interrupt service program is running. To return control to 
the interrupted program at the point of interruption, the program 
must have the same contents in its status register and working 
regi sters as before the interrupt, or the results will be erroneous. 
It must also resume execution with the same program counter value 
it had when it gave up control. 

Depending upon the processor used, the saving of information 
in addition to the contents of the program counter may be the duty 
of the interrupt service routine, or, this can be performed by 
the logic of the processor. 
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Figure 6-7. Interrupt Initiation by an I/O Device 
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Figure 6-8. Single Interrupt Level 
270 



The TMS 9980A processor, specifically, saves this information 
automatically. The contents of the program counter and the contents 
of the status register are automatically saved. The contents of 
the working registers of the i nterrupted program are also automati- 
cally saved by switching to a different set of working registers 
to be used by the interrupt service routine. 

nn^^ the ■ini-'^^^ni't. <;ervice d roar am is in control, the interaction 
with thTl/O device ^proceeds much as it does in program-controlled 
I/O. The distinguishing point is that it was the I/O device, rather 
than the program, that initiated the interaction. 

When the i nteraction has been completed, the interrupt request 
is removed, and control is returned to the interrupted program. 

The question may arise: "Where is the interrupted program's 
data saved?" Some processors save it in a dedicated area of memory 
Qy,«an,;,ed as a "last-in, first-out" (LIFO) stack. In such a case, 
the processor^ often maintains a stack pointer to keep track of 
the last entry on the stack as the stack swells and contracts with 
data entry or removal . A few processors have a 1 imi ted stack resi ding 
in the processor rather than in memory. Other ^processors employ 
other methods for saving an interrupted program s data. The TMb 
9980A employs a linked-list structure instead of a stack, and the 
interrupted program' s workspace pointer, program counter, and status 
register are saved in the interrupt service routine s workspace. 

In its simplest form (as shown in Figure 6-8), the interrupt 
structure of a processor causes all interrupts to be transferred 
to a common interrupt service program which must then decide which 
device caused the interrupt. 

The TMS 9980A provides for prioritized, vectored interrupts. 
With a vectored interrupt structure, devices are assigned interrupt 
codes or "levels." Each interrupt level has a unique aaaress in 
memory. This unique address associated with each interrupt level 
contains an address to which control istransfered when an interrupt 
at that level occurs. In other words, the address assigned to 
each interrupt level contains a pointer address (vector) to the 
interrupt service program. See Figure 6-9. 

Two pieces of information are stored in an interrupt vector: 
the new contents for the workspace pointer and the program counter. 
Once the processor retrieves the vector contents, the old workspace 
pointer, program counter, and the state of the status register 
just before the interrupt are all saved automatically in the new 
workspace. 

The advantage of enhancing interrupt capability by adding vec- 
tors is that it is no longer necessary for an interrupt service 
program to determine which device caused an interrupt, provided 
no more than one device is assigned to a level. 
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Figure 6-9. Vectored Interrupts 
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Figure 6-10. Priortized Vectored Interrupts 

272 



Additional sophistication has been added to vectored inter- 
ruDts bv the TMS 9980A by assigning a priority to each interrupt 
^evel to establish a relationship of importance among the levels. 
With this arrangement, a currently executing interrupt service pro- 
gram at one level might be interrupted by another interrupt at 
a higher level, but not by a level of lower priority. Refer to 
Figure 6-10. 

In this figure, program A (indicated in the figure as PROGA) 
is in control and the program counter (PC) points to the current 
.struct on within the'program. The PC in P^^ "^i% Vni t a'tes'a 
nstruction to be executed (circle 1) when device 2 initiates a 
evel-2 nterrupt request. The TMS 9980A identifies the interrupt 
reauest aslevel-2 and uses the vector address for a level-2 re- 
quest to point the PC (change its contents) to the i nterrupt service 
Routine (DEV2) that processes the level-2 interrupt (circle 3). 



n ter 



... n 4- 



ce 



vniitinp 1 <s executina. a 
nterrupt occurs which causes the TMS 9980A to take contro 
m the level-2 interrupt service routine and give control 



While tne levei-^ 
level -1 

away from unc ic*ti«- ...--. .-r- — . . ., 

to the level-1 interrupt service routine (circle 4). 




interrupt. 

By employing i nterrupt-dri ven I/O, there is the advantage of 
.,,....1- T7/w,-A +o ■inii-i;,tP interaction with the processor, but 
a'ien^lty^isTa'iVirthe'^orm of'a requirement for a small degree 
of'^Sdlt^oi^l' interface complexity.. ^Iso. ifthere^are^critical 




Direct Memory Access I/O 




between data tranfers to or from I/O devices and memory. 
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Figure 6-11. A DMA Controller Eliminates 
the Microprocessor for Data Transfers 
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in a Microprocessor System 
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to pass the data. Because the 
specific task of transferring 



DMA controller is designed for the 
data and not data processing and 
ttirither ^more 'general functions possessed by the microprocessor, 
the DMA controller can be very efficient at passing data, which 
makes very fast data transfers possible. 



To facilitate a DMA transfer, 
control of the data bus, address bus. 
Data will 
to reflec 
to which it will go in memory 



the 



c i n n a 1 
J I 3 •■ »» • 



changed 
address 
if more 
blocks; 



DMA controller must assume 

UnC lllCIIIWlj ^(ylllWl wi 

be passed on' the data bus while the address bus is 
t the address of the data coming from memory or the 
it will go in memory. Normally, with DMA I/O, 
than one data word is passed, the words are in contiguous 
that is, they are located in sequential memory locations. 

The processor also uses and controls the address and data buses. 
Of course, it is not possible for both the processor and the DMA 
controller to use the buses at the same time. The^ contention 
for use of the buses must be resoiveaso i^nat on ly tnc unn v.«.. w. «.. e. 
or the processor, but not both, is in control at any one time. 

Various methods can be employed to accomplish this. The simplest 
method is to allow the DMA controller to alert the processor when 
it wishes to use the buses. The processor relinquishes control 
by sending an acknowledgement signal to the controller, and then 
susoendinq operation and placing its own interfaces to the buses 
intSthe Mgh-impedance (or off-line) state. The DMA control er 
therefore has free access to the buses and can control the data 
transfer. 

Once the piece of data or block of data has been passed, the 
DMA controller relinquishes control by removing its control request. 
Upon recognizing the request removal , the processor takes back control 
and proceeds with its operation. Figure 6-12 depicts the rel ati onship 



and pr( 
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DMA I/O operation can be initiated by a program. Refer to 
6-13 where a system employs a high-speed disk as a peripheral 
At some point in the program, it becomes necessary to 
er a block of data from a sector on the disk to a memory 
. The program causes the processor to pass the request for 
transfer along with an information packet to the DMA controller, 
formation informs the DMA controller where the information 
disk, where the information is to be put in memory, and the 

of pieces of data to be transferred. It might be assumed 
11 disk data transfers would be in block sizes the size ot 

sector. 

The request for a DMA transfer and the information Packet could 
be passed to the DMA controller employing program-controlled i/u. 

The disk controller has logic to recognize the disk address 
of data under the read head. As the selected disk address comes 
rotating under the head, the DMA controller requests and takes 
control of the address and data bus and passes the data directly 
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Figure 6-13. A DMA Controller 
with a High Speed Disk 
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Figure 6-14. A DMA Controller Shares the Buses 

into memory as it is plucked from the disk. To do this, the DMA 
cSn?rSller sets the address bus to the memory location specified 
in the information packet and passes the first data word from the 
disk over the data bus to that'memory location. It then incre- 
ments the address on the address bus to the next seque^nt^i al memory 
location and passes the second data word o"^"^'' .J-;^ . ;;^^^^ ""^,:° 
it increments the address bus for the next data 
until the specified number of data words is 
the data read from the disk is first buf- 
data taken from the disk is placed in a 
the DMA transfer. 



memory. Again, 
transfer, and so on, 
transferred. Often 
fered (that is, the 
memory buffer) before 



Up to this point, a simple means of DMA has been discussed. 
While a DMA I/O operation i s i n progress , the processor i s suspended, 
performing no processing. There are other methods of DMA i/O 
which allow a DMA transfer to proceed concurrently with processing. 
As can be seen from Figure 6-14, when a processor is 
it requires the use of the address and data 
of its time, 
on the buses to p 
moments. 



executing, 
buses only a portion 



Other techniques take advantage of this dead time 
to permit the DMA controller to insert data at those 



Under these circumstances, a program can i ni ti ate a DMA request 
and then perform other processing while the DMA controller fulfills 
the request. The controller can be designed to alert the program 
with an interrupt to indicate that the transfer has been completed 
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and that the controller is available for addi tional transfers. With 
such an arrangement, the throughput of a system can be increased. 

The advantage of DMA I/O is that it provides very high data 
transfer rates. Its disadvantages are that it requires extensive 
additional logic and is more complex to design. 

Summary of I/O Categories 

Three general categories of I/O have been discussed: program- 
controlled I/O, interrupt-driven I/O, and DMA I/O. Program- 
controlled I/O is the simplest method to implement but is limited 
to the lower speed ranges for data transfers. Interrupt-driven I/O 
has the advantage of allowing a device to initiate interaction with 
the processor and its program but requires more extensive hardware 
to implement and may affect program timi ng 1 oops. The thi rd category 
of I/O, DMA, allows very fast data transfers between memory and 
I/O devices but has the disadvantage of requi ring much more compl ex 
logic in the I/O periphery. 

Having discussed I/O in general, the attention now turns spe- 
cifically to the I/O options available with the TMS 9980A micro- 
processor and the University Board. 

6.4 OVERVIEW OF 9900 FAMILY I/O OPTIONS 

The 9900 family of microprocessors, which includes the TMS 
9980A on the University Board, allows use to be made of all three 
of the I/O categories discussed in the previous section. Program- 
controlled I/O is possible using either the data bus for data transfers 
or by using an alternative I/O port called the Communications Register 
Umt, orCRU. Interrupt-driven I/O i s al so possi bl e. The architecture 
of the 9900 family provides for prioritized, vectored interrupts. 
The third I/O category discussed, DMA, is also available as part 
of the 9900 family architecture. 

During the fol lowing discussion, reference is made to specific 
pins on the TMS 9980A. For a more complete description of these 
pins, refer to the TMS 9980A pin description in Appendix E. 

Options Employing the Data Bus 

There are three methods of I/O implementation available with 
the 9900 family: 

Memory -mapped 
" DMA 
*• CRU. 

The first two allow data transfers to be made to and from the 
I/O periphery on the data bus. (Recall that the data bus is also 
used for data transfers between the memory and the processor.) 
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istics of a memory device. The I/O device must recognize its address 
on the address bus when it occurs in conjunction with the memory 
enable" (MEMEN-) control signal. If it is a device capable of 

both senaing ana receiviny uaua, lu ...u^v ^.-^ a^> «... 

processor's read cycle and write cycle and must resj)j)nd^appropri^ately 

by ■■ ■ ■ ^ ^"'"''''' ''^"^ 

6 

both memory 

different address values. 



processor's read cycle andwrite cycle and must respona appropri ai-e ly 
,v placing data on the data bus or taking data off the bus. Figure 
,= 15 shows that the MOV instruction might be used for addressing 
.oth memory and I/O. Natural ly the memory and the I/O device utilize 



Generally speaking, most I/O devices have much slower response 
times than memory devices. Whereas memory devices normally provide 
for accesses in the nanosecond r^ange, I/O devices usually operate 
in the microsecond or millisecond range. 

This discrepancy in speed can be resolved by the TMS 9980A's 
READY memory control signal (see Figure 6-16) which was discussed 
in the previous chapter. If the I/O device has a response time 
slower than the access time for the processor, the interface logic 
of the I/O device must not allow the READY signal to become active 
until data is removed from or placed on the data bus. At that 
time, the device can raise theREADY signal, just like slower memory. 

DMA. The second I/O method employing the data bus is DMA. 
RecairThat DMA is the fastest data transfer method because the 
processor is eliminated in the data transfer. Data is passed back 
and forth between an I/O device and memory on the data bus under 
the control of a DMA controller. Because the DMA controller and 
j-ug _^Q^g53Qv. both require control of the address and data buses, 
the contention for con\rVl at the same time must somehow be resolved. 

With the TMS 9980A this contention is resolved very simply 
as shown in Figure 6-17. When the DMA controller wishes control 
of the buses, it alerts the processor by acti vati ng the hold request 
input line (HOLD-) to the processor. Upon completing its current 
instruction and upon detecting the HOLD- input, the processor suspends 
its operation, puts its interface to the address bus and aata bus 
into the high-impedance or "off-line" state and sends the hold 
acknowledgement" (HOLDA) signal to the DMA controller indicating 
the buses are now available to it. Upon detecting the HOLDA signal, 
the DMA controller takes control of the buses and commences the 
data transfer. 

When the transfer is complete, the controller removes its request 
by deactivating the HOLD- signal. The processor sees the request 
drop, deactivates the HOLDA output to the controller, reassumes 
control of the buses, and proceeds with its operation. 
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Figure 6-16. An I/O Device Simulating Memory 








r 


ADDRESS BUS 








\ 


/ 


CONTROL 


i 














I/O 
DEVICE 


CONTROL 


, 1 1 

DMA 
CONTROLLER 


HOLD- 


TMS 
9980A 




HOLDA 








< 


Y 


CONTROL 
\ 


' 




1> 




L 


DATA 


BUS 



























Figure 6-17. Resolving Bus Contention Between 
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Although the TMS 9980A microprocessor on the TM 990/189 has 
DMA capability, the additional circuitry necessary to implement DMA 
does not exist on the board. Additional circuitry could be added 
by the user to allow direct memory access to memory off-board the 
TM 990/189. 

The two I/O methods discussed thus far, memory-mapped and DMA, 
have one thing in common. They both use the data bus for data 
tranfers. In both cases data is passed in parallel, that is, 
several bits at one time. 

The ability to pass multiple bits of data at the same time 
on the data bus can be advantageous. There are also some disadvan- 
tages. With memory-mapped I/O, the I/O device must be made to^simul ate 
a memory device which often requires additional circuitry. The de- 
signer must demultiplex data on the data bus intended for memory 
from data intended for an I/O device. Also, addresses assigned to 
the I/O devices are no longer available for memory, so the memory- 
addressing range of the system is reduced. 

Communications Register Unit (CRU) 

Problems of memory-mapped I/O and DMA can be largely overcome 
by the use of a separate port, used only for data transfers to 
or from I/O devices. Such a dedicated port exists with the 9900 
family. It is called the Communication Register Unit (CRU). The 
CRU IS part of the processor's architecture. Associated with the 
CRU are three pins on the microprocessor. One pin is used for data 
input (CRUIN), another for data output (CRUOUT), and the third for 
data timing strobes (CRUCLK). The CRU connection between the TMS 
9980A processor and the I/O is shown in Figure 6-18. 

6.5 CRU CONCEPT, ADDRESS SPACE, AND OPERATION 
CRU Concept 




pin IS used to serially transfer one or more bits to an I/O device 
from the processor. This output data appears on the A13 address 
ine of the TMS 9980A which i s CRUOUT for the output CRU i nstructions. 



(Address line A13 is not used for addressing purposes durinq a 
CRU operation.) The CRUCLK pin is used as a timing strobe to 
coordinate data transfers. 

As data is input or output, addresses appear on the address 
bus to select the particular I/O bit address for the data. 
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Figure 6-18. The CRU Connection 

Data in and out via the CRU is in bit serial form. This 
means that in a multibit data transfer, the bits comprising the 
data are passed along one behind the other. Figure 5-19 shows 
the relationship between serial and parallel data. 

The UKU OTTers several ddvaiitayci. ■ iiou, .w .- ^ ^^f,-..--- 
data port from the data bus, which alleviates some of the design 
problems of having to demultiplex data intended for memory from 
data intended f or I /O , as woul d be necessary wi th memory-mapped I/O. 

■ ■ ■ ' , rel at! vely 
I peripheral 



Secondly, the CRU permits the use of readily available, 
inexpensive TTL components for i nterf aci ng. A special LSI 

iponent is not necessary; however, there are special CRU pen phera i 

rices available the use of which may be advantageous in systems 

>rate to complex degree of I/O. The most important advantage 

though, is that it permits single bit addressing, .his 



comj 

dev 

wi th a model 

of the CRU, ,-,.., -- . . . ^ u , 

feature is especially important in a control environment where a 
single bit can be used to control a device. A single bit is^ali 
that is necessary to turn a device on or off or 
device is on or off. 



to test if 



Although this "bit diddling" capability is a prime advantage 
of the CRU, multiple-bit transfers (up to a maximum of lb bits) 
can be accomplished with one instruction. 



The CRU will 
the book, so a 
necessary. 



be used in many of the examples that follow in 
closer examination to explore its operation is 
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Figure 6-19. Serial Data versus Parallel Data 
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CRU Address Space 

It was mentioned that an I/O device must recognize when it 
is be nq accessed by the processor {for either input or output), 
rcommo method to do this uses interface logic with the device 
so that it responds to a specific address on the address bus. The 
interface logic can be designed so that response is made only to 

^ jj ..1 +u«w =i«r.oa^ in rnniijiT'tion With another control signal. 

?h?rqu^NTua;i'oraTlVwVonV7ddrVsVto be used for both a memory 
location and a device location. 

In all 9900 family microprocessor devices, the MEMEN- signal 
assumes this qualification role. If active low, the addresses are 
intended for a memory operation. If inactive high, any address 
appearing on the address bus maybe regarded (though not necessarily ) 
as a CRU address. In Fi gure 6-18. the MEMEN- signal is connected to 
I/O devices employing the CRU. Whenever a CRU I/O operation is 
oeing perTurmcu, omio siyi.v.. .5 ■ ..-- 

An output device (that is, a device to which data is sent) 
connected to a 9900 family processor via the CRU "o^."!^l Vh JpRuri K 
to respond only to its chosen address in conjunction with the CRUCLK 
strobe. Specifically, the TMS 9980A processor on the University 
oard osse'sses a raVge of 2K (2,048) bits of I/O addressing via 
the CRU. Notice that the CRUCLK strobe is not required for CRU 
input operation. During a noni nput i nstruction if a device responds 
to the appearance of its address on the address ^u^ and attempts 
to input data onCRUIN.the processor would simply ignore the data. 

When a CRU instruction is executed (either input or output) , 
the bit address of the selected device appears on the address bus 
on lines A2 through A12. (This is U bits of ^^^^.f ^^^ V^bi ts" ) 
since 2^^ equal s 2048; the addressing range of the CRU is ^K bits.) 

The CRU bit address appearing on the address bus is developed 
from a base value in workspace register 12. In the case or a 
sinqle-bit CRU operation, a signed displacement in the instruction 
is added to the base value to form the individual bit address. 

With a multibit CRU operation, no displacement is specified 
in the instruction and the CRU bit address that appears initially 
on the address bus is the same as the base value in R12. Then to 
select each subsequent bit, the processor automatically increments 
the initial CRU address sequentially by one. These sequential bit 
addresses appear one after the other on the address bus (lines A2 
through A12). 

The CRU bit address consists of 11 bits. Workspace register 
12 (which contains the CRU base address) is, of course, 16 bits 
wide. Which 11 bits of these 16 are used as the CRU base address? 
The CRU architecture is designed to use bits 4 through ^.^ °^ l^^\llll 
12. This means that when an absolute CRU address (or hardware 
address) is loaded into register 12, it must be offset (that is, 
moved) one bit position to the left. See Figure 6-20. 
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Figure 6-20. CRU Address Development 
for Multi-Bit CRU Instructions 

The entire 16-bit contents of R12 containing the displaced 
(shifted) value is called the CRU software base address and the 
11-bit address value that appears initially on the address bus 
to select a CRU bit in the periphery is called the CRU hardware 
base address. 

As an example, suppose a programmer desi res to establish a CRU 
software base address in register 12 for the CRU bit having the CRU 
hardware base address OUE^g. The following two instructions accom- 
plish this. 



LI 
SLA 



R12,>14E 
R12,l 



A left shift of one bit position is equivalent to a multiplica- 
tion by two, therefore the single instruction. 



LI 



R12,>29C 



accomplishes the same thing since 29C 



16 is 14E26 times 2. 



On the address bus, address lines AO and Al are forced to 
ZERO forCRU input and output operations. Address line A13 becomes 
CRUOUT and is used to output one or more bits serially durinq 
a CRU output operation. 
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Figure 6-21. Address Development 
for Single Bit CRU Instructions 




CRU Operation 

H;,vina established a basic understanding of the concept of 
the CRU an'd fts adiress space, a more detailed examination of the 
CRU's operation is now possible. 
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Figure 6-22. Summary of CRU Instructions 



9980A instruction set, there are five instructions 
to data transfers via the CRU. Three of these five 



In the TMS 
devoted 
used for single-bit data transfers: 



are 



TB test bit 

SBO set bit to one 

SBZ set bit to zero, 



The other two are used for transfers of one to 16 bits: 

LDCR is used to transfer a group of bits to the I/O 
periphery. 



STCR is used to input a 



group of bits from the I/O. 



outnu^ ^^?h.^^^Rn !^'"f ^ii^ CRU instructions, two are used for 
output. The SBO instruction outputs a logical ONE or sets an 
in T/n ■;,■* The SBZ instruction outputs a logical ZERO or resets 
fj it I : ^^^.TB instruction inputs a single bit into bit 2 
of the status register (the EQUAL status bit). Following the TB 
instruction, the status of the EQUAL status bit can be tested 
employing conditional jump instructions to decide if the 
was on or off. 



input 



by 
bit 



If the bit is a ONE, then a JEQ instruction 
jump; If the bit is a ZERO, a JNE instruction will 
Figure 6-22' summarizes the three single-bit CRU instructions. 



will cause a 
cause a jump. 



a 16-bit input and 



Figure 6-23 shows the implementation of 
lb-bit output interface with the CRU. 

Notice that in this implementation only four lines of the 
address bus, A9 through A12, are required to address the 16 bits 
of input as well as the 16 bits of output. Address line A9 is 
used to select the individual octal mul tiplexor (SN74LS251) or latch 
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Figure 6-23. TMS 9980A/9981 16-Bit Input/Output Interface 
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{SN74LS259), and address lines AlO though A12 are used to select 
the individual input or output bit. Furthermore, notice that the 
CRUCLK strobe must be present before output data is allowed to 
latch either one of the octal latches. The requirement that CRUCLK 
be present before an output takes place allows the use of only 
four lines of address to address a total of 32 bits of I/O. 

With a data-input CRU i nstruction, the address on the address 
bus, lines A9 thorugh A12, selects one of the 16 inputs to the 
pair of SN74LS25rs as shown in Figure 6-23. The selected bit is 
placed on the CRUIN line to the processor. In the case of the 
single-bit TB input instruction, the state of the bit then goes 
to status bit 2 (the EQUAL status bit) of the status register where 
its state can be tested by a subsequent conditional jump instruction. 
In the case of the multibit CRU i nput i nstruction , STCR , the address 
on address lines A9 through A12 changes successively at fixed in- 
tervals so that sequential bit addresses are selected and shifted 
serially into the processor through CRUIN. Refer to Figure 6-24 
for the timing relationship between the sequential addresses and 
the input data. 

With a data output CRU i nstruction, the address on the address 
bus, lines A9 through A12, selects one of the 16 outputs from the 
pair of SN74LS259's as shown in Figure 6-23. The selected bit is 
placed on the CRUOUT (A13) line in conjunction with the CRUCLK 
strobe. In the case of the two single-bit CRU output instructions, 
the SBO instruction sets the selected bit to the ONE state and 
the SBZ instruction sets the selected bit to the ZERO state. With 
the multibit CRU output instructions, LDCR, the address on the 
address lines A9 through A12 changes at fixed intervals along with 
the CRUCLK strobe as the bits are shifted out serially from CRUOUT 
to the sequentially addressed latches. Again, refer to Figure 6-24 
for the timing relationship between the sequential addresses and 
the output data. 

The LSB of a memory word (bit 15) is transferred to or from 
the lowest CRU address in a multibit transfer. Figure 6-25 shows 
what happens with a 16-bit data transfer between a memory location 
and the CRU. Notice that upon input, the lowest CRU bit address 
is right-justified in the memory word so that it occupies the 1 east- 
si gni ficant-bi t location. Upon output, the LSB of the memory word 
goes to the lowest CRU bit address. 

Sixteen bits are used in this example but a lesser number of 
bits could have been used. In a data transfer of more than eight 
bits, the data comes from or is stored right-justified in a 16-bit 
word. In a data transfer of a byte or less, the data is right- 
justified in the addressed byte. In storing the input bits using 
the STCR instruction, unfilled bits in the byte or word are set 
to zero's. 



Figure 6-26 
location 3AC2,g. 



shows a 6-bit input from the CRU to 



memory 
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Figure 6-24. TMS 9980A/9981 CRU Interface Timing 



CRU I NPUT 
BITS 



N 
N + 1 



N + l/< 
N + 15 



INPUT (STCR) 



MEMORY WORD 



14 



15 



OUTPUT (LDCR) 



CRU OUTPUT 
BITS 



rfl 



N + 1 



N + 14 

N + 15 
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Figure 6-27 shows a 12-bi t output from workspace register nine. 

External Instructions 

In additon to the five CRU instructions used for data transfers, 
there are five other "external" instructions that do not result 
-- data transfers but do cause unique values to be placed on the 
address bus"in"con jVnctTon with a CRUCLK strobe. These five in- 
structions have the mnemonics IDLE, RSET, LREX, CKON, and CKOF. 
The mnemonics were derived from the instructions defined functions 
in the 990 minicomputer (from which the 9900 family of microprocessors 
was derived). With the TMS 9980A microprocessor, these instructions 
are user-defined; that is, they can be used for specific functions 
defined by the system designer. 

Execution of each of the instructions causes a unique 3-bit 
value to a^'^ear on address lines AO , Al, and A13 in conjunction 
wiirthe CRUCLK strobe". "^Figure 6-28 shows the unique value for 
each instruction. The IDLE instruction is different from the other 
external instructions in that its 3-bit code and CRUCLK occur re- 
peatedly; that is, the instruction is executed repeatedly, until 
the idle state i s termi nated. The IDLE instruction is commonly used 
to suspend a program until an interrupt occurs. 

Transfer Speed 

As was mentioned earlier the architecture of a system's I/O 
can significantly affect the throughput of a processor system; that 
is, how fast data can be input into the system, be processed, and 
output. 

Tt wa<: rnncluded that of the I/O techniques available with 
the TMS 9980A, DMA is the fastest. It might also be interesting 
to compare the speed of CRU I/O with the speed of memory-mapped 
I/O. 

An 8-bit transfer from a memory location to the I/O using 
the data bus and memory-mapped I/O requires about 21 microseconds 
with a TMS 9980A running at 2.0 MHz. At this same clock speed, 
an 8-bit CRU data transfer takes about 26 microseconds. In this 
specific case, CRU I/O takes about 25 percent longer. The faster 
speed of memory-mapped I/O is due primarily to the ability to pass 
all eight bits in parallel on the data bus. With the CRU, bits 
must line up one behind the other, serially, as they are shifted 
in on the CRUIN line or out on the CRUOUT line. 

This slower speed of the CRU is often not a handicap, however, 
because I/O devices themselves are often much slower than the processor 
or memory. The relatively slower speed of the CRU when compared 
to memory-mapped I/O may be less important than the advantage the 
use of the CRU offers by avoiding the problem of demultiplexing 
the data bus between memory and I/O. 
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EX: LDCR R9,12 
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Figure 6-27. A Twelve-Bit CRU Data Output 
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In fact an operation to test or set a bit among a group 
of I/O bits can be accomplished faster with the CRU than with memory- 
mapped I/O. The individual bit-addressing ability of the CRU avoids 
the additional masking operation that memory-mapped I/O requires to 
isolate a particular bit in a group. For example, suppose a programmer 
desires to test an I/O bit to see if a switch is off or on. With 
memory-mapped addressing, the sequence of instructions might look 
like this: 

GET A GROUP OF I/O BITS 
ISOLATE THE SWITCH BIT 
TEST IF ON OR OFF. 

With the CRU, the sequence of instructions might look like this 
(assuming R12 contains a suitable base address): 



MOV 


@SW,RO 


ANDI 


R0,>0001 


JEQ 


ON 



TB 
JEQ 



15 
ON 



INPUT SWITCH STATE 
TEST IF ON OR OFF. 



The CRU is a versatile I/O port of the TMS 9980A. Its particular 
advantages are that it is a separate port for I/O and not intended 
for memory data transfers, and it f aci 1 i tates si ngl e-bi t I/O address- 
ing. There is a group of instructions devoted to the CRU which 
are discussed in detail shortly. 

6.6 UNIBUG MONITOR ADDITIONAL COMMANDS (D AND L) 

Most of the moni tor commands are di scussed i n previ ous chapters. 
At this point, two additional monitor commands are introduced. The 
"D" and "L" commands allow a program in memory to be dumped onto 
audio cassette and a program on a cassette to be 1 oaded into memory. 



II • ., n 



-.-1 II n 1 1 •■ r\ II . .. 

I n e uunr u r 
audio cassette. 



piwyiu... uw .-V- -V- -■• 



The syntax for the D command is 

D<start address> T2 <stop address> T2 <entry address> T2 



jC 



Moni tor Prompts 



Z 



' IDT =• <name> Tl 'rEADY' <Y> 

The contents of memory from the location specified as "start 
address" to the location specified as the "stop address" will be 
formatted and recorded on audio tape. The "entry address" entered 
is the location in memory to begin program execution so that the 
program counter can be set accordi ngly . A space or comma is entered 
after the "entry address," following which the monitor displays 
IDT=. In reply to this prompting message, the operator can enter 
up to eight characters that identify the program being saved. After 
the entry of this identifying name, the operator enters a space. 
At this point, the monitor displays the message READY and waits 
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for a Y character to be entered indicating the audio cassette deck 
has been setup and is ready to record the data. When the Y character 
is entered, the cassette-deck control bit is activated, and after 
a short period of time to allow the deck to reach operating speed, 
the data is recorded on the tape. 

As an example, suppose the operator desires to save a program 
that resides in memory locations 0220j^g through O3IB15. The first 
i nstruction to be executed in the program resides at aadress 0220]^g. 
The program has the name "SINE." 

The operator enters D 220 31C 220. The monitor displays IDT= 
and the operator enters SINE, followed by a space. The monitor 
then responds with READY Y/N. After ensuring that a cassette is 
properly loaded, all connections to the cassette deck are correct, 
and all switch settings are correct, the operator enters a Y. 

After waiting a suitabl e time for the cassette to reach operating 
speed, the monitor dumps the program from the starting address 
to the ending address in 990 standard object code format. After 
completion of the dump, the monitor deactivates the cassette-deck 
control bit. 

Loading a program from a cassette into memory is accomplished 
as follows. First, place the cassette in the cassette player with 
the tape read head-positioned in front of the program to be entered. 
Ensure al 1 connections are correct, then enter the "L" (Load) command 
on the keyboard. The monitor will activate the cassette-deck control 
bit and begin loading data. The data will be loaded into the 
addresses specified when the tape was created. After the data 
is loaded, the monitor deactivates the cassette-deck control bit 
and displays the name of the program read from the object program. 

The syntax for the L command is 

L 

XXXXXX Monitor displays IDT name. 

6.7 INSTRUCTION SUBSET 4 

The operation of the CRU has been discussed in detail. It 
was mentioned that there are five instructions in the TMS 9980A's 
instruction set that are used with the CRU. Three of these instruc- 
tions (TB, SBO, and SBZ) are used for single-bit CRU addressing. 
TB allows an input bit to be tested. SBO sets an output bit to 
a logic ONE, and SBZ sets an output bit to a logic ZERO. The other 
two instructions (STCR and LDCR) can be used for multibit CRU data 
transfers. STCR allows up to 16 bits to be input on CRUIN. LDCR 
allows up to 16 bits to be output serially on CRUOUT. 

Each of these five CRU I/O instructions i s described in instruc- 
tion subset four. Additional ly , the five external instructions which 
can be used for user-defined functions are described in thi s subset. 
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TEST BIT 



TB 



10 II 12 13 14 15 16 17 18 19 |10|11|12|13|14|15| 
1 I I I I I I I 1 I I i I I i i 
CODE: TB Displacement IFOOig 10 10 10 U U U U U I Displacement ! 



Lengtti; 1 wuru 



RESULT: CRU Bit Read — ►EQ Bit of Status Register 



10 11 12 13 14 15 16 17 18 19 110111112|13|14115| 



STATUS 
REGISTER: 



EQI 



OPERATION : 

Read a selected CRU input bit. The address of the selected bit is determined by 
adding the CR^ard^^^^^^ address (the contents of R12 bits 4 through 4) and 
the 8-bit signed displacement in the low order byte of the instruction. The 8- 
bit displacement is sign-extended toll bits before being added to the CRU hard- 
ware base address in R12.) The address of the selected bit appears on address 
Tines A2 through A12. Address lines AO and Al are ZERO. The selected bit is 
input through CRUIN and the equal status bit is set to the value read. 



Address Bus 



Selected b 



_f 

it (A2-A12) 



CRUIN 



TMS 9980A 



Status Register 
EQ 
1 I I L,,J I 



J 



NOTES : 

Used to read the state of aCRU input bit and to make subsequent decisions based 
upon the value read. 

Example: 

Determine if the switch at CRU hardware address >lAOis on (ONE) or off 
(ZERO). 

LI R12 >350 >350 IS >1A8 DISPLACED LEFT ONE PLACE 

TB -8 (>1A8) + (-8) = CRU HARDWARE ADDRESS >1A0 

JEQ ON JUMP TO "ON" IF SWITCH IS A ONE 

Instruction Summary 6-1 
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SET BIT TO LOGIC ONE 



SBO 



10 II 12 13 14 15 16 17 18 |9 |10|11|12|13|14|15| 

I I I I I I I I I I I I I I I I I 

CODE : SBO Displacement IDOOifi |0 |0 |0 |1 |1 |1 |0 |1 | Displacement I 



RESULT : Logic ONE 



Selected CRU bit 



Length : 1 word 



STATUS 
REGISTER: | 



iO il 12 13 14 15 i6 i7 18 |9 jlOjll il2|13|14|15| 



Not Affected 



OPERATION : 

Set a selected CRU output bit to a logic ONE. The address of the selected bit 
is determined by adding theCRU hardware base address (the contents of R12 bits 
4 through 14) and the 8-bit displacement in the low order byte of the instruction. 
(The 8-bit displacement is sign-extended toll bits before being added totheCRU 
hardware base address in R12.) The resulting address appears on address lines 
A2 through A12 which is used to select the individual bit. Address lines AO and 
Al are ZERO. The logic ONE bit goes out on CRUOUT in conjunction with a CRUCLK 
strobe. 



Address Bus 



^ 



Selected bit (A2-A12) 



CRUOUT (ONE) 
CRUCLK 



TMS 9980A 



NOTES: 



Used to set a CRU output bit to a logic ONE. 

Example: 

Turn on a motor with a switch at CRU hardware address >F. 

LI R12,0 BASE ADDRESS IN R12 IS ZERO 

SBO 15 TURN ON (SET TO ONE) THE MOTOR 



Instruction Summary 6-2 
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SET BIT TO LOGIC ZERO 



SBZ 



10 U 12 1 3 14 15 16 17 18 |9 |10|11|12|13|14|15| 

I I 1 I I I I I I I I 1 I I I I I 

CODE : SBZ Displacement lEOO^g |0 |0 |0 11 U U U |0 i Displacement I 

Length : 1 word 
RESULT : Logic ZERO — ►Selected CRU Bit 

1 II 12 13 14 15 16 17 18 19 |10|11|12|13|14|15| 
Not Affected 1 



STATUS 
REGISTER: 



OPERATION : 

Force a selected CRU output bit to a logic ZERO. The address of the selected 
bit is determined by adding the CRU hardware base address (the contents of R12 
bits 4 through 14) and the 8-bit displacement in the low order byte of the in- 
struction. (The 8-bit displacement is sign-extended to 11 bits before being 
added to the CRU hardware base address in R12.) The resulting address appears 
on address lines A2 through A12 which is used to select the individual bit. 
Address lines AO and Al are ZERO. The logic ZERO bit goes out on CRUOUT in 
conjunction with a CRUCLK strobe. 



Address Bus 



Selected bit (A2-A12) 



CRUOUT (ZERO) 



TMS 9980A 



NOTES: 

Used to force a CRU output bit to a logic ZERO. 

Example: 

Turn off an indicator light at CRU hardware address >20. 

LI R12,32 PUT >20 IN R12 

SLA R12,l DISPLACE CRU ADDRESS ONE PLACE LEFT 

SBZ TURN OFF (FORCE TO ZERO) THE LIGHT 

or, optionally, to eliminate the SLA instruction, 

LI R12,64 PUT CRU BASE ADDRESS (>40) in R12 
SBZ TURN OFF (FORCE TO ZERO) THE LIGHT 

Instruction Summary 6-3 
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STORE COMMUNICATIONS REGISTER UNIT 



STCR 



CODE: STCR S,C 



10 II 12 13 14 15 16 17 18 |9 |10|11|12|13|14|15 
I I I I I I I I 1 I 



3400^6 10.10 II II 10 II I C 

1 



I Tc I 



S^o u^r£e_Memjorj^ R^e fe re nc e^ _ 
Length; 1 or 2 words 



RESULT : CRU lines — ►(S) for C bits 

10 II 12 13 14 15 16 17 18 |9 |10|11|12|13|14|15| 



STATUS I I I I 
REGISTER: |L>|A>|EQ| 



-I r 

I I 

OP 



OPERATION : 

Input the number of bits specified by C from consecutive CRU hardware addresses 
to the source operand. If C is zero, 16 bits are transferred. Each bit is 
transferred in sequentially on CRUIN. The CRU hardware base address in R12 
(bits 4 through 14) indicates the beginning CRU hardware address which appears 
on address lines A2 through A12 to select the first input bit and the address 
changes sequentially on the address lines at timed intervals to select subsequent 
bits. If the number of bits specified is greater than eight, the source operand 
is a word address; otherwise, the source operand is a byte address. The first 
bit transferred in goes to the least-significant bit of the source operand and 
subsequent bits transferred infill the source operand toward the most-signifi- 
cant bit position. Any unfilled bits in the source operand are forced to ZERO. 
After the transfer, the entire source operand (word or byte), not just the 
bits transferred, is compared to zero and status bits L>, A>, and EQ are set 
accordingly. With byte addressing, the OP status bit is also affected. The 
contents of R12 remain unchanged. 



NOTES: 



Example: 
Input five bits from CRU hardware address >120 
to memory location IN 



Address 
Bus 




R12,>240 
GiIN,5 



>240 IS >120 MOVED ONE PLACE LEFT 



Selected bits(A2-A12 



) TMS 9980A 



CRUIN— 



li 16 II 11 li I 



T 



CRU Addrs. CRU Addrs. 
>120 >124 



_^__^^______^______ Unchanged 

Bits 0-2 ~ . 

forced 10 10 10 |1 |1 |1 |6 |1 j \. ..n 

to ZERO 1 2 3 4 b 6 7 's' "TB 



Location 
"IN" 



Location 
"IN" + 1 



Instruction Summary 6-4 
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LOAD COMMUNICATION REGISTER UNIT 



LDCR 



CODE: LDCR S,C 



10 II 12 13 14 15 16 17 18 |9 |10|11 |12|13|14| 15 

I I I I I I I I I 



3000i6 10 10 II II 10 10 I 



R< 



So £rc e_Mem£r^ Reference^ _ 
Length: 1 or 2 words 



RESULT : (S) — ►CRU for C bits 

10 II 12 13 14 15 16 17 18 |9 |10|11 |12|13|14|15| 

n f 

lOPl I 



STATUS I \ I [ 
REGISTER: |L>|A>|EQ| 



OPERATION : 

Output the number of bits specified by C from the source operand to consecutive 
CRU hardware addresses. If C is zero, 16 bits are transferred. Each bit is 
transferred out sequentially on CRUOUT in conjunction with a CRUCLK strobe. 
The CRU hardware base address inR12 (bits 4 through 14) indicates the beginning 
CRU hardware address which appears on address lines A2 through A12 to select 
the destination of the first output bit and the address changes sequentially 
on the address lines at timed intervals to select subsequent bits. If the 
number of bits specified is greater than eight, the source operand is a word 
address; otherwise, the source operand is a byte address. The first bit transferred 
out is the rightmost bit in the word or byte source operand. The entire source 
operand (word or byte), not just the transferred bits, is compared to zero and 
status bits L>, A>, and EQ are set accordingly. With byte addressing, the OP 
status bit is set if the bits in the source operand establish odd parity. The 
contents of R12 and the contents of the source operand remain unchanged. 



NOTES: 



Lxampie: 
Output a 12-bit value in R5 through the CRU, beginning at CRU hardware 
address >2F0. 

LI R12,>5E0 >5E0 IS >2F0 MOVED ONE PLACE LEFT 
LDCR R5,12 OUTPUT THE BIT TRAIN 



Address 
Bus 



<l 



elected bits {A2-A12) 



r u 



SH 



n m I- 

1 4 

CRU Addrs. CRU Addrs. 
>2F0 >2FB 



CRUOUT 

•^ — 
CRUCLK 



TMS 9980A 



1 ^ 3 



vn 



R5 



Instruction Summary 6-5 
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IDLE 



IDLE 



CODE: IDLE 



10 II 12 13 14 15 16 17 18 |9 |10|11|12|13|14|15| 

I I I I I I I I I I I I I I I I I 

0340^5 10 10 10 10 10 10 |1 |1 |0 |1 |0 |0 |0 |0 |0 |0 | 



Length : 1 word 



RESULT: Idle the computer 



10 II 12 13 14 15 16 17 18 |9 U0|ll|12|13ll4|15| 
STATUS 1 r 

REGISTER: | Not Affected I 



OPERATION : 

Idle the computer until an interrupt occurs. The program remains at the IDLE 
instruction, executing it repeatedly. The values 1, 0, and appear on address 
lines AO, Al and A13, respectively, in conjunction with a CRUCLK strobe with 
each execution of the instruction. When an interrupt occurs, causing a context 
switch, the saved return address is the instruction following the IDLE instruc- 
tion. 



occurs 
repeatedly 



AO (ONE) 

Al (ZERO) 

A13 (ZERO) 

CRUCLK 



TMS 9980A 



NOTES: 

Used to suspend the processor while awaiting an interrupt. The unique code on 
AO, Aland A13 with CRUCLK maybe used to implement specific hardware functions. 



Instruction Summary 6-6 
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RESET 



RSET 



CODE: RSET 



10 II 12 13 14 15 16 17 18 19 |10111|12113|14|15| 
I I I I I I I I I 1 I I I I I I 
0360i6 10 10 10 10 10 10 U |1 |0 U U 10 I0 10 10 I0 



Leng'th i j. wotu 



RESULT: User-defined function 



STATUS 
REGISTER: 



10 1 1 12 13 14 15 16 17 18 19 1101111121131141151 
r ~ 1 1 1 1 1 

10 10 10 10 1 



OPERATION : 

The values 1. 1 and appear on address lines AO, Al and A13, respectively, in 
conjunction with a CRUCLK strobe. The interrupt mask (status bits 12 through 
15) is cleared {forced to zero). 



AO (ONE) 
Al (ONE) 
A13 (ZERO) 
CRUCLK 




TMS 9980A 



NOTES : 

The unique code onAO, Al and A13 with CRUCLK may be used to implement specific 
hardware functions. 



Instruction Summary 6-7 
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LOAD OR RESTART EXECUTION 



LREX 



CODE: LREX 



10 II 12 13 14 15 16 17 18 |9 |10|11 |12|13|14|15| 

I I I I I I I I I I I I I I I I I 

03E0ig 10 10 10 10 10 10 II II II II II 10 10 |0 |0 |0 | 

Length : 1 word 



RESULT: User-defined function 



STATUS 
REGISTER: 



10 II I? 13 14 15 Ifi 17 Ift IQ imiii iioMQii^nc 



Not Affected 



OPERATION : 

^•^L^^^Iif^ ^' ^» ^"*^ ^ appear on address lines AO, Al, and A13 in conjunction 
with a CRUCLK strobe. 



AO (ONE) ^ I — L 

Al (ONE) ^ 1 — L 

A13 (ONE) ^ I — L 

CRUCLK I — L 



TMS 9980A 



NOTES: 

The unique code onAO,Al, and A13 with CRUCLK may be used to implement specif- 
ic hardware functions. On the TM 990/189, this instruction causes an initiali- 
zation of the system. 



Instruction Summary 6-8 
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CLOCK ON 



CODE: CKON 



CKON 



10 II 12 13 14 15 16 17 18 19 110|1H12|13114 15 
I I I 1 I I I 1 I 1 1 
03A0i6 10 10 10 10 10 10 U U U |0 11 10 10 10 10 10 1 



Length : 1 word 



RESULT: User-defined function 



STATUS 
REGISTER: 



10 11 12 13 14 15 16 17 18 19 1101111121131141151 



Not Affected 



OPERATION : 

The values 0, 1, and 1 appear on address lines AO. Al. and A13, respectively, 
in conjunction with a CRUCLK strobe. 



AO (ZERO) 
Al (ONE) 
A13 (ONE) 




NOTES : 

The unique code onAO, Al, and A13 
hardware functions. 



TMS 9980A 



with CRUCLK maybe used to implement specific 



Instruction Summary 6-9 
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CLOCK OFF 



CKOF 



CODE: CKOF 



10 II 12 13 14 15 16 17 18 |9 |10|11 |12|13|14 |15| 

I I I I I I I I I I I I I I I I I 

03C0ig 10 10 10 10 10 10 II II II II 10 10 10 10 10 10 I 

Length : 1 word 



RESULT: User-defined function 



STATUS 
REGISTER: 



10 II 12 13 14 15 16 17 18 |9 |10|11 |12|13|14|15| 

1 ~~ r 

I Not Affected I 



OPERATION : 

The values 1, 0, and 1 appear on address lines AO, Al, and A13, respectively, 
in conjunction with a CRUCLK strobe. 



AO (ONE) j L 

Al (ZERO) 

"^ 

A13 (ONE) I — L 



CRUCLK 



^ n 



TMS 9980A 



NOTES : 

The unique code onAO, Al, and A13with CRUCLK maybe used to implement specific 
hardware functions. 



Instruction Summary 6-10 
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DIGITAL PULSE 
TRAIN 



SINE WAVE 







Fiaure 6-29. A Digital Pulse Train Resembles a Sine Wave 



6.8 PROGRAM EXAMPLE: CYCLE GENERATOR 



Goal of the Program Example 

The following program illustrates several important concepts. 
It demonstrates the use of the CRU, especially its use on the Uni- 
versity Board, and it demonstrates the concept of program-controlled 
I/O as well as program-controlled timing loops. 

What the Program Does 

The program produces a tone on the Universi ty Board' s piezoelec- 
tnc speaKer. Tne 5pea^cr li ui i»eii ■ ■ v/... v..^. — ,___ -.. -..- 
University Board. (TheTMS 9901 is a special LSI pen pheral component 
for the 9900 family and is discussed in detail in the following 
chapter.) For right now, it is enough to know how to address 
the speaker. It has a CRU hardware address of ZIE^^. The program 




or valve. 

The program employs single-bit CRU instructions to produce a 
digital pulse train which approximates an equivalent sine wave 
illustrated in Figure 6-29. 



Program Design 

The program accepts three inputs: the 
the number of 50-microsecond time intervals, 
as 50-microsecond time units and, thirdly. 



on time expressed as 
the off time expressed 
the number of cycles. 
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Different values for the on time and off time are permitted to 
allow duty cycling. To simulate a sine wave, the on time and 
off time will be the same. The number input represents the time 
required for half a cycle. Figure 6-30 is the flowchart for the 
program. Figure 6-31" is a listing of the program. Refer to 
Figure 6-31 for the following discussion. 



The program begins by setting the workspace pointer and then 
sets the CRU software base address in R12 (the LI instruction at 
location 224ig). The speaker has a CRU hardware base address of 
21Eic. but this hardware address must 
left when it appears in R12, 



to tne 



value 
by 2). 



43Ci6 



be offset one bit 
so R12 is loaded 






position 
with the 



plied 



Following this "housekeeping," the value in RO (the number of 
time units for the on time) is copied into R3 so that it can be 
decremented but not lost. The speaker is turned on with the SBO 



instruction at location 22A 



16 



A di spl acement of zero is used, be- 



cause the specific bit address is established in R12. The instruc- 
tions included between 1 ocations 22Ai 5 to 236i6 constitute the "on- 
time loop during which the speaker is on. this loop is carefully 
structured to force the execution time of the loop to be 50 micro- 
seconds, or as close as possible. A timing analysis of the loop 
will be made shortly, but for now the remaining logic will be examined. 
At location 220^5 the off time is copied into R4 so that it can 
be decremented later. At first glance, it may appear unusual to 
see the off-time count in the on-time loop, but it is done here 
as a timing consideration. Notice that the MOV instruction at location 
220^5 and the SBO instruction at location 22Ai6 are executed each 
time through the loop, though it is not necessary to satisfy the 
strict logic of the program. Again, the pi acement of the instructions 
as well as their redundant execution is a part of the timing con- 
siderations. 



At location 22Eig the on-time count is decremented. If the 
result IS nonzero, the SRC instruction at 1 ocation 232i g i s executed. 
The SRC instruction provides a very specific timing delay which 
causes the balance of the time loop to be 50 microseconds. The 
SRC instruction specifically was picked to do this "fine tuning" 
of the timing because it is an instruction the execution time of 
which can be spread over a wide range depending on the count suppl ied 
in the shift operation. Any of the other shift instructions could 
have been used. Following the delay, the absolute jump at location 
234^5 ties the loop back to location Al . 

When the on-time count in R3 decrements to zero, the JEQ in- 
!u''"^n^°" ^^ location 230ig transfers control to location DO where 
the SRC instruction at location ZZE^^ fills out the last on-time 
period and allows the unconditional jump instruction at location 
240^5 enter the off-time loop at location 236ic (labeled Dl). 



tute 



The instructions from location 236^g to location 242i 
the off-time loop which is structured similarly to th 



g consti- 
e on- time 
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C START J 



SET MP 



I 



SET CRU BASE 
ADDRESS 



SAVE 

ON-TIME 

IN R3 



-M^ 



TURN ON 
SPEAKER 



SAVE 

OFF-TIKE 

IN m 



DECREMENT 

"oN-TIME 

COUNT 



DEUY 




TURN OFF 
SPEAKER 



SAVE 

ON-TIME 

IN R3 



DECREMENT 

OFF-TIME 

COUNT 




DELAY 



DECREMENT 
CiCLl COUNT 




/'RETURN TON 
V MONITOR J 



Figure 6-30. Wave Generator Program Flowchart 
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SDSMAC 



3.1 » 10:40:05 FRIDAY, DEC 22, 1978 



PAGE 0002 



000 i 
0002 
0003 
0004 
0005 
0006 
0007 
0008 
0009 
0010 
0011 



0200 



0012 0200 

0013 0220 
0222 

0014 0224 
0226 

0015 0228 

0016 022A 

0017 022C 

0018 022E 

0019 0230 

0020 0232 

0021 0234 

0022 0236 

0023 0238 

0024 023A 

0025 023C 

0026 023E 

0027 0240 

0028 0242 

0029 0244 

0030 0246 
0248 

0031 
NO ERRORS 



02E0 
0200 
020C 
043C 
COCO 
IDOO 
ClOl 
0603 
1306 
0B35 
lOFA 
lEOO 
COCO 
0604 
1302 
0B35 
lOFA 
0602 
16F2 
0460 
3000 
0220 



« 

* 
# 
♦ 
« 

# 
ST 



WC 

Al 



Dl 



DO 



D2 



INPUTS: 

RO - ON TIME IN UNITS OF 50 MICROSEC 

Rl - OFF TIME IN UNITS OF 50 MICROSEC 

R2 - NUMBER OF CYCLES 
OTHER REGS. USED: 

R3 - TEMP. STORAGE 

R4 - TEMP. STOARAGE 

R5 - DELAY GENERATOR 

R12 - CRU BASE ADRS. 



AORG >200 
BSS 32 
LWPI WS 



WORKSPACE AREA 
SET WP 



LI R12, >43C SET CRU BASE ADRS 



MOV 
SBO 
MOV 
DEC 
UEQ 
SRC 
JMP 
SBZ 
MOV 
DEC 
JEQ 
SRC 
JMP 
DEC 
UNE 
B 



RO, R3 



R1,R4 

R3 

DO 

R5, 3 

Al 



RO, R3 

R4 

D2 

R5, 3 

Dl 

R2 

Al 

e>3000 



SAVE "ON" TIME 
TURN ON SPEAKER 
SAVE "OFF" TIME 
DECREMENT "ON" TIME 
"ON" TIME EXPIRED? 
NO-DELAY 

TURN OFF SPEAKER 
SAVE "ON" TIME 
DECREMENT "OFF" TIME 
"OFF" TIME EXPIRED? 
DELAY 

DECREMENT CYCLE COUNT 
ALL CYCLES COMPLETE? 
YES-RETURN TO MONITOR 



END ST 



Figure 6-31. Wave Generator Program Listing 
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loop. At location 23Ci^ the OEQ instruction transfers control out 
of the loop when the off time expires to location 242^6 (labeled 
D2) There, the DEC instruction decrements the cycle count in RZ. 
If-the cycle count is nonzero, control is transferred to Al and 
another cycle is begun. When the cycle count does go to zero, 
the B instruction at location ZAS^^ turns control to the monitor. 

The on-time loop and the off-time loop are designed to each 
require 50 microseconds of execution time. 

Some insight into how this exact delay was accomplished can 
be gained by exami ning the on-time 1 oop. Each of the six instructions 
in this loop requires a finite amount of time to execute. The 
amount of time for each instruction to execute is determined by 
the numberof clock cycles required by each instruction, the address- 
ing mode(s) used, the number of memory accesses with wait states 
(if any), and the system clock speed. 

The formula for calculating the execution time is given in 
the TMS 9980A/TMS 9981 Microprocessor Data Manual. The Tormuia 
is reproduced here for the sake of convenience in Figure 6-32. 

The timing analysis will start by examining the t^ ''st Instruction 
in the on-time loop, the SBO instruction at 1 ocation 22Ai6. Table 
4 from the TMS 9980A/TMS 9981 Microprocessor Data Manual (reproduced 
in Figure 6-33) shows that the SBO instruction requires 16 clock 
cycles (if there are no wait states). (The design of theUmversity 
Board requires no wait states for the processor to access memory.) 
The University Board system clock runs at 2.0 MHz, which yields 
a clock-cycle time of 0.5 microsecond. Applying the formula to the 
SBO instruction, the amount of time required to execute the instruc- 
tion is 

T = 0.5[16 + (0 X 8)] = 8.0 microseconds. 

A similar analysis reveals that the MOV instruction at loca- 
tion 220^5 requires 11.0 microseconds. 

Similarly, it can be shown that the DEC instruction at loca- 
tion 22Eir requires 8. Omicroseconds. The JEQ instruction at location 
230iA requires 5.0 microseconds if the transfer of control is not 
made, or 6.0 microseconds if the transfer of control is made. In 
most instances through the loop, the jump will "o^^ ^^^j^^^f • ^J^ 
transfer of control is made only when the count in R3 goes to 
zero. 

The SRC instruction at location 232i6 requires anywhere from 
10 microseconds to 30 microseconds depend^ing upon the shift count. 
A shift count of 3 produces an execution time of 12 microseconds. 
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TMS 9980A/TMS 9981 INSTRUCTION EXECUTION TIMES 

Instruction execution times for the TIVIS 9980A/TMS 9981 are a function of: 

1 ) Clock cycle time, 1^(0) 

2) Addressing mode used where operands have multiple addressing mode capability 

3) Number of wait states required per memory access. 

Table 4 lirts the number of clock cycles and memory accesses required to execute each TMS 9980A/TMS 9981 innruc- 
tio,^. For mstruct.ons w,th multiple addressing modes for either or both operands, Table 4 lists the num^ of Ttel 
ZT^T:T T"7'' ^" "'"^^"'^ ""''^"^ '" ''' workspace-raster 'mode To d'e^mineTh^addi^^^ 
-7 J?M Z"" ""^ ™™'^ ""^"^ ^«'"'^«' ^°^ '"°d'««^ ^dd^«»!"9' ^d the appropriate values from t^ 
referenced tables. The total instruction-execution time for an instruction is: 

T=tc(0) (C+VV-M) 
where: 
T = total instruction time; 
tc(0) = clock cycle time; 

C = number of clock cycles for instruction execution plus address modification; 

W = number of required wait states per memory access for instruction execution plus address modification; 
M = number of memory accesses. 

As an example, the instruction MOVB is used in a system with tc(0)= OAOOf^ and no wait states are required to access 
memory. Both operands are addressed in the workspace register mode: 

T = k{(l)) (C-i-W-M) = 0.400 (22+0-8) = 8.8ais. 

If two wait states per memory access were required, the execution time is: 

T = 0.400 (22 +2-8) MS = 15.2 ms. 

If the source operand was addressed in the symbolic mode and two wait states were required: 

■>"= tc{0) (C+W-M) 

C= 22+ 10 = 32 

M = 8+2= 10 

T = 0.400 (32 + 2 • 10) = 20.8 MS. 



Figure 6-32. Formula For Determining TMS 9980A 
Instruction Execution Time 
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INSTRUCTION 



IMSTRUCTION EXECUTION TIMES 



CLOCK CYCLES 



MEMORY ACCESS 



ADDRESS MODIFICATION"' 
iOURCE I DESTINATION 



AB5 (MSB = 0) 
(MSB=' II 



CKOF 
CKON 
CLR 

CZC 

DEC 

DECT 

DIV IST4i!Set! 

DIV (ST4 il reset)* 

IDLE 

INC 

INCT 

INV 

Jump (PC is changed) 

(PC is not changed) 
LDCR (C - 0) 

(1<C<8! 

I9<C<15) 
LI 

LIMI 
LREX 
LWPI 
MOV 
MOVB 
MPY 
NEG 



OR) 



SBO 
SBZ 

SETO 
Shift IC 1 



01 



(C#0, Bits 12-15 
of WRO = 0) 

(C-0, Bits 12-15 
ofWRP- N * 0) 
SOC 
SOCB 
STCR (C ■ 01 

(l<C<i7) 

(C-81 

I9<C<15I 
STST 
STWP 
SWP8 
SZC 
SZCB 
TB 
!<•• 
XOP 
XOR 

RESET function 

LOAD function 

Interrupt context switch 

Undefined op codes: 

0000-01 FF, 0320 
033F, OCOOOFFF, 
07ea07FF 



26+2C 
26+2C 



I of tfie infiruetion located at the 



Figure 6-33. Instruction Clock Cycle Requirements 
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The unconditional jump instruction at ocation234ic requires 
6.0 microseconds. Adding the execution times: 



SBO 
MOV 
DEC 
JEQ 
SRC 
JMP 



8.0 microseconds 

11.0 microseconds 

8.0 microseconds 

5.0 microseconds (normally) 

12.0 microseconds 

6.0 microseconds 



produces a total of 50 microseconds through the loop. A similar 
analysis of the off-time loop ( 1 ocations 236, g through 2411^) would 
show the same results. ^^ ^^ 

Looking again at the on-time loop, the last execution of the 
loop requires 51 microseconds because of the addi tional time required 
by the JEQ instruction at location 230i6. Follow the sequence of 
instructions the last time through the loop to verify this. 

The off-time loop normal ly produces an identical 50 microsecond 
delay; however, the last time through the off-time loop produces 
a delay of only 47 microseconds. 

The slight timing skew in the last time through the on-loop 
and off-loop is of little consequence in the normal use of the 
program. 

As an initial experiment, run the program with inputs in RO 
to produce a 1-kHz tone of one-second duration. 

To produce a 1-kHz tone, a cycle must be compl eted every milli- 
second, which means the on time i s 500 microseconds and the off time 
is also 500 microseconds. A cycle of this duration can be specified 
by putting a cycle count of 10 (Ai^) 



be 



16) in RO and 10 (A^g) in Rl. 

To produce a tone of one-second duration, 1000 cycles must 
1000 rtn*R2'^^^'^ ca"be specified to the program by placing SES^g 

With these inputs in RO , Rl , and R2 , the program will produce 
a 1-second, 1-kHz tone. 

Program Operation 

4. ^^^^^^^^^^6 UNIBUG monitor commands to 1 oad the program into memory 
at the addresses indicated by the 1 i sting. Set the workspace pointer 
to 200ig and then initialize RO , Rl, and R2 to their proper value. 
Use the P command to set the program counter to the address of 
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the first executable instruction (220^5) . Finally, enter the E command 
to cause the program to execute. 

The program should produce a 1-second, 1-kHz tone and then 
return to the UNIBUG monitor. To run the program again, initialize 
R2 again (or change RO , Rl , and R2 if a different tone or duration 
is .desired), initialize the program counter again, and enter the 
E command. 



6.9 SUMMARY 

In this chapter the third part of a microprocessor system, 
the input/output section, is introduced. 

The advantage of the three general types of I/O is discussed. 
Program-controlled I/O in which the program initi^ates interaction 
and specifically controls the input/output operation is the most 
simple. Interrupt-driven I/O allows an I/O device to initiate 
interaction with the processor. By taking control of the system 
buses directly, DMA allows the fastest method of I/O data transfer. 
All three of these general types of I/O ai^e available with the 
TMS 9980A, although DMA I/O is not implemented on the TM 9yu/i»y 
board. 

The 9900 family of microprocessors allows three methods of 
input/output data transfers. Memory-mapped I/O treats a peripheral 
device as a memory location and allows any memory reference instruction 
to be used for addressing I/O. DMA is also available to permit 
high-speed data transfers. The communication register unit is a 
separate, dedicated I/O port which permits direct single-bit ad- 
dressing. 

ipeClTlC UKU Mistruv<oiwii3 uic iiiviv/wv.%.>,x* ■•■ 

program example. 

In the next chapter, the discussion of I/O is continued with 
the introduction of specific I/O peripheral devices available on 
the University Board. 

6.10 EXERCISES 

1. Why is the I/O section often the most complex part of 
a processor system? 

2. What advantages are there to using a programmable LSI com- 
ponent instead of discrete SSI or MSI components as the interface 
between a microprocessor and I/O devices? 

3. Of the three general categories of I/O, which one would 
most likely be used for the following devices in a microprocessor 
system? 
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(a) A sensor that is activated when the presence of 
a deadly gas in a factory is detected 

(b) A high-speed di.sk 

(c) A device used to periodically measure the temper- 
ature in an office. 

4. TheTMS 9980A has vectored and prioritized interrupt capa- 
bility. What advantages does this offer over a microprocessor having 
interrupt capabil ity, but without vectored or prioritized capabil ity? 

5. Assume the following logic state at the CRU hardware ad- 
dresses indicated. 



CRU Hardware Address 



10 

11 

12 

13 

14 

15 

16 

17 

18 

19 

lA 

IB 

IC 

ID 

IE 

IF 

20 

21 

22 

23 

24 



25 
26 
27 
28 



16 

16 

16 

16 

16 

16 

16 

16 

16 

16 

16 

16 

16 

16 

16 

16 

16 

16 

16 

16 

16 

16 

16 

16 

16 



Logic State 

1 

1 
1 


1 

1 

1 
1 
1 



1 



1 
1 



1 
1 
1 
1 
1 



Also assume that each of the following set of instructions 
begins at location 280^5. 

What is the content of the PC after each sequence of instructions' 
Memory location AB is 2ACi6. 



(a) LI 
TB 
JEQ 



R12,>20 



AB 
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(b) 



(c) 



(d) 



(e) 



(f 



(g) 



(h) 



LI 


R12, 


>10 


SLA 


R12, 


1 


TB 







JEQ 


AB 




LI 


R12, 


>50 


TB 







JEQ 


AB 




LI 


R12, 


,>42 


TB 







JNE 


AB 




LI 


R12, 


,>42 


TB 


3 




JNE 


AB 




LI 


R12, 


,>42 


TB 


-3 




JEQ 


AB 




LI 


R12 


,>20 


TB 


>16 




JNE 


AB 




LI 


R12 


,>48 


TB 


-19 




JEQ 


AB 





6. Assume that register 12 contai ns lOOj^g. 
data, write the instructions necessary to set 
dicated in the left column at the CRU 
in the right column. 



From the following 

the logic state in- 

hardware address indicated 



Logic State 



(a) 


ONE 


(b) 


ZERO 


(c) 


ONE 


(d) 


ZERO 


(e) 


ONE 


(f) 


ZERO 


(g) 


ONE 


(h) 


ZERO 



CRU Hardware Address 



80 
88 



16 
16 



9Ai6 
7Fi6 



70 
63 
CB 
47 



16 
16 
16 
16 



7. Assuming the same CRU hardware addresses and logic states 
shown in Exercise 5, what is the content of register 6 after each 
of the following sequence of instructions? Assume R6 contains 
value AlF7]^g prior to each pair of instructions. 



the 
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(a) 


LI 
STCR 


(b) 


LI 

SLA 

STCR 


(c) 


LI 
STCR 


(d) 


LI 
STCR 


(e) 


LI 
STCR 


(f) 


LI 
STCR 



R12,>20 
R6,9 


R12,>10 

R12,l 

R6,9 


R12,>20 
R6,0 


R12,>28 
R6,13 


R12,>28 
R6,5 


R12,>36 
R6,10 



T /« . . ^^^ 9980A-based system employs the CRU to address an 
I/O device with a CRU hardware base address of 70ic. The CRU 
addresses are structured as follows. ^^ 

>70 is equal to ZERO when the device has no character 
to send. 

>70 is equal to ONE when the device has a character 

to send. 

>71 is the LSB of an 8-bit character. 

>78 is the MSB of the 8-bit character. 

Write a program to check to see if a character is ready. Keep 
checking until one is ready, then read the 8-bit character into 
memory byte location KA. Check the parity of the character input. 
If the parity is odd, transfer control to location ER. 

9. Write a program segment to transfer the 40-bit value begin- 
ning at memory location FD to an output device with a CRU hardware 
base address of 14026- 

10. What is the advantage of serial data transfer as compared 
to parallel data transfer? Give an example of where serial data 
transfer would be advantageous. 

*« 11. What is the advantage of parallel data transfer as compared 
to serial data transfer? Give an example of where parallel data 
transfer would be advantageous. 
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12 With a TMS 9980A running at 2.0 MHz. what ^f^he output 
to accommodate the device? 

6.11 LAB EXPERIMENTS 

1 Use the D command to save the cycle generator Program 
nn ;, rassette taoe. Destroy the program in memory (perhaps by 
removing power) 'and then use the L command to load the program 
back into memory. 

2. Calculate, enter the values, and run the cycle generator 
progra^ to product the number of cycles, the cycle length, and 
the percentage of on-time shown below. 

-- o.,-i_- r..^i« I Annfh P<»rrentaqe of On-Time 
Numoer or uyciea v,j^ ■ c u-c^ v.. . ^. .c. ^g^.^ _ — 

1000 1 millisecond 20% 

65,536 0.5 millisecond 50% 

15 1 second 70% 

How long will each program run? 




intensity using the values in Lab Experiment 2 



4. Modify the cycle generator program to pulse the LED re- 
peatedly on and off using the values below. 



On 



Off Total Time 



0.5 sec. 0.5 sec. 20 sec. 

0.5 sec. 1.0 sec. 30 sec. 

1.0 sec. 0.5 sec. 30 sec. 

1.0 sec. 1.0 sec. 60 sec. 



Given the frequency of the following "musical .^o^^s "lodif: 
le generator program to produce a 1-second duration torn 
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CHAPTER 7 
INPUT/OUTPUT DESIGN 



7.1 INTRODUCTION 



In the preceding chapter the fundamental concepts ?f I/O ^re 
introduced, with particular emphasis on Texas Instruments .CRU con- 
cept. In this chapter examples of using the various techniques in- 
^J;^...:J ,-.*u«iac4. .hantev ;^rp presented. Two LSI devices included 
thr5nive7siiy%Va';7;re Si'scSssed in detail. These provide the 
interface between the TMS 9980A's CRU port and peripheral devices. 



7.2 I/O INTERFACING CONSIDERATIONS 



Memory-Mapped I/O 



The first type of I/O to be discussed is memory-mapped I/O. 
As with most microprocessor systems, this method of I/O is possible 
with the 9900 family, particularly the TMS 9980A-based University 
sJard. With some microprocessors . I/O devices use the same signa s 
as memory devices. In these cases I/O uses up ^portion of addressable 
memory. For example, a microprocessor capable of addressing 65 536 
hvtp7of memory Siqht have only 63,488 bytes of memory installed, 
wUh'the remaining' 2048 bytes assigned to I/O devices, uonsiaer 
the memory allocation and address decoding for such a case. 

Suppose that, due to other system constraints, the highest 
14K of address space is to be allocated to nonvolatile memory and 
the lowest 48K to read/write memory. Figure 7-1 shows the memory 
map for tSis allocation, and Figure 7-2 illustrates one of several 
possible approaches to the problem of address ^ecoding. Decoding 
of the higher order address bits is necessary, because individual 
memory circuits only accept 8 to 14 bits of addre^ss^,^ Jependi^ng 




with the CPU. 
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14K ROM 



2K I/O 



48K RAM 



C800 
C000 



0000 



Figure 7-1. Example of Memory Allocation 



With 



some microprocessors, separate read and write strobes are 
activated on memory instructions and I/O instructions. These simplify 
the design considerably, because it is then not necessary to partition 
address space. However, where separate I/O strobes are used often 
only the ow-order eight bits of address space are applied to I/O 
which limits the total amount of I/O to 256 bytes. For many micro- 
processor applications this is adequate. 




In 



with f^rot^lto^^'''^^'}^^ transmission of one byte of data in accordance 
with the RS-232 procedure requires that the following steps be taken. 



Turn the device on. 

Set RTS ( request-to-send) 

prepare to receive data. 

Wait for CTS { cl ear-to-send) , a 

vice to indicate readiness. 

Send the data. 

Turn the device off. 



signaling the device to 
signal set by the de^ 
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Ad 
Al 
A2 
A3 
A4 






4>^ 



A. DECODE LOGIC 



B. DECODE TRUTH TABLE 




RAM 
ROM 



~^ 



A0 


Al 


A2 


A3 


A4 


RAM 


I/O 


ROM 





X 


X 


X 


X 


1 








X 





X 


X 


X 


1 







1 . — 


1 


1 














1 





1 


1 




A 


V 

A 


a 


a 


1 

* 


1 


1 


X 


1 


X 








1 


1 


1 


X 


X 


1 








1 



Figure 7-2. Address Decoding Example 
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Items 
and 5 
that will 



and 



4 may be repeated as often as desired. Items 1 
are generally done only once. Fi gure 7-3 1 1 1 ustrates a routine 
block of memory, one byte at a time, using 
this procedure. This routine assumes a byte of memory-mapped I/O 
control lines at location CI and a data byte at location II 
the byte at CI, the most-significant bit will be 



assigned 



Within 
to CTS, 



so that it can be tested with a JLT instruction. The least-significant 
bit will be assigned to RTS. 



Direct Memory Access (DMA) 



of 



DMA is 
much of 



useful because it can relieve the operating program 
^ . tne burden of controlling the communication of data 
with a device. This is especially important where the device is 
capable of sending or receiving data at a high rate of speed such 

s 



^-1 — .^ w, ^^Mv..,.a ui icv,ci¥iny udtd Az a nign rate ot speed suci 
^! ?..r^^5 ^^ magnetic-tape transport. There are two primary classe' 
of DMA: suspended animation" and transparent. 



In DMA the I/O device controller is 
using, perhaps, memory-mapped I/O. As 
requires the following information: 



initiated by the processor 
a minimum, the controller 



^ Address of beginning of data buffer 
^ Length of buffer (or address of end of buffer) 
I/O Mode (read, write, rewind, etc.). 

Depending on the device, additional information may be required. 
A disk drive, for example, needs the address of the data on the 
disk. 

Following the initialization of the controller 



that results depends on whether the controller is designed to o 
transparently or by suspendi ng the processor. In transparent 
tion, the controller uses the buses only when the proces 
not using them. This requires careful 



the action 
perate 
opera- 
processor is 
synchronization. In this 




and requests data from a magnetic tape, 
processor to initialize the controller 
B. Later, when the DMA I/O is complete, 
and use the data, while, perhaps, task 
complete. 



This request causes the 
and pass control to task 
task A can regain control 
B is waiting for I/O to 



In suspended animation, two signals are used to allow the con- 
tn Jhrh. H ^"P^vise the activity on the buses, somewhat similar 
the handshaking signals in the RS 232 example given above. These 
are HOLD and HOLDA. When the controller desires control of thi 
^of^hlc J''!''' u^® ^^^^ line to the processor. When the processor 
reaches a state where it can wait, it stops execution, places all 
Its bus-control lines in a high-impedance state, and raises the 
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LI 


LI 


LI 


LI 


LI 


XT MOVB 


JGT 


MOVB 


DEC 


JNE 


CLR 



R0,B1 


R1.B2 


R2.I1 


R12,C1 


Rll,>100 


*R12,R3 


XT 


*R0+,*R2 


Rl 


XT 


*R12 



INITIALIZE BUFFER POINTER 
INITIALIZE BUFFER LENGTH 
SET UP I/O POINTERS 

TURN ON RTS 

GET CONTROL BYTE 
NOT READY YET 
OUTPUT DATA BYTE 
DECREMENT COUNTER; THRU? 
NO, CONTINUE 
YES, TURN OFF RTS 



Figure 7-3. Memory -Mapped I/O Example 

HOLDA line. At this time, the controller assumes control of the 
buses and completes its transfer. When the transfer is complete, 
it releases HOLD. The processor senses this cancellation, deactivates 
HOLDA, and resumes operation. Figure 7-4 shows a flowchart diagram 
for this type of DMA operation. 



h 4' ^ if\\i 



■H-jme that multiple devices contend for control of a 
bus, DMA' i'n p'articuil ar,'"'"great care must be given to the ability 
of the devices to control the bus without interfering with one 
another. Basically, all potential bus controllers must remain in 
the high-impedance state until control is granted. Recall that in 
three-state logic, a driver output may be active high, active low, 
or high impedance. In the high-impedance state, some other driver 
determines the signal on the line. In the absence of three-state 
logic, an open-collector arrangement must be used, with all inactive 
devices in the high state. This configuration is i nferior to three- 
state logic due to the slower switching speeds available, and term- 
ination problems. 

In some of its larger systems, Texas Instruments has added a 
new dimension to the DMA concept, called the TILINE®. With this 
arrangement, there is a prioritized competition for the bus at 
all times, and a potential controller has control of the bus only 
when it needs this control. At other times, the bus is available 
to other users. For this reason, TILINE-based systems are asyn- 
chronous, in that a memory-to-processor transfer, for example, occurs 
at a rate determined solely by the response time of the memory. 
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f START J 

IT. 

PREPARE FOR 
TRANSFER 



I 



SET HOLD 




TRANSFER 
DATA 



I 



CLEAR HOLD 



I 



C STOP J 



DMA CONTROLLER 



( 



EXECUTE 
INSTRUCTION 




SET HOLDA 




CLEAR HOLDA 



CPU 



Figure 7-4. DMA Control Flowcharts 
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Communications Register Unit (CRU) 

The CRU is a unique I/O port that was devel oped by Texas Instru- 
mehts for its process-control minicomputers and has been incorporated 
into the 9900 family. This subsystem of the microprocessor is 
a highly flexibl e and easy-to-use part of the system. It i s i ntroduced 
in the previous chapter. In this chapter the CRU concept is applied 

to some real prooiems OT i n ten av, i ny. iiic uiov-ujjiw.. w/xu.. v.- »,..- 

particularly useful devices on the University Board. 

Recall that the CRU allows single-bit addressing to turn a 
bit either on or off, or to test a bit. It also allows reading 
or writing up to 16 bits with one instruction, in the multiple-bit 
mode. When more than one bit is addressed in a single instruction, 
the processor sequentially addresses the bits indicated. The I/O 
interface device must be designed to demultiplex the CRUOUT line 
on output, and to multiplex the CRUIN line on input. 

Even though thi s di scussion centers on the CRU, some time will 
be taken to describe the interrupt logic implemented on the 9900 
series processors, since this is an important form of I/O. The 
word "interrupt" has been selected, because, no matter what else 
the processor is doing, it is sometimes desirable to interrupt it 
to take care of some urgent matter. On the 9900 series microprocessors, 
a combination of several input lines is used to indicate when an 
interrupt request is active and to indicate the priority level 
of the device requesting the interrupt. The number of input lines 
-devoted to interrupts varies with different members of the family. 
With the TMS 9980A, speci fical ly , there are three input lines. These 
are used to present to the microprocessor the priority of a device. 

Priority is a means of identifying the device requesting an 
interrupt. During system design, all the devices that might request 

j-4. *^ ,«,« «v./>..r,oH +rt ^ftnv'ocont fl nriQi^itv structure. A master 

reset switch, for example, would be assigned the highest priority 
in most cases. Lower priori ty 1 evel s would depend upon the applica- 
tion. When a device requests an interrupt, some logic external to 
the processor must indicate the presence of the interrupt and its 
priority. Figure 7-5 illustrates such a priority encoder for a 
four-level system. In Figure 7-5, INT indicates the presence of 
an interrupt request, while ICO and ICl indicate its priori ty 1 evel . 
The TMS 9980A uses a six-level system with the decoding built into 
the chip. There might be several devices at the same priority 
level. In such a case, additional data would have to be available 
to identify each individual device. 

The response of the processor to an interrupt request is to 
execute what is called a context switch. This is described in 
greater detail in the next chapter, but its operation is designed 
basically to save the contents of the current workspace pointer, 
program counter, and status register, and transfer program control 
by replacing the workspace pointer and program counter with new 
contents from two memory words located at a place called a transfer 
vector. The processor uses the interrupt priority code to point 
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Figure 7-5. Four-level Priority Encoder 
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■ y///////////////////////. 


STOP BIT 


START BIT 
DATA BIT 
DATA BIT 
DATA BIT 
DATA BIT 
DATA BIT 
DATA BIT 

DATA BIT 
DATA BIT 
STOP BIT 



Figure 7-6. Serial Data Format 

to the specific transfer vector associated with that priori ty 1 eve! . 
When the context switch is completed, an i nterrupt processing routine 
is in control, and manages all details required to respond to the 
given interrupt. When the routine is completed, the old program 
counter, workspace pointer, and status registers 
processing resumes where it left off. As a part 
routine, the CRU might be used to indicate to 
device that its request has been processed. 



are restored and 
of the interrupt 
the interrupting 



Because of the close relationship between interrupts and I/O, 
many general -purpose I/O devices have some degree of interrupt- 
request logic built in. For example, priority encoding is included 
as part of the logic of the TMS 9901 , which i s a 9900 fami ly peripheral 
component. It is described in detail later in this chapter. 

iricrc arc iiianjr auanviaiu */v/ i^iv/wiv-uu .iniwn »»■%. >«i..-.,..us^.— -- 

CRU-based solutions. As a means of illustration several are considered 
in the following paragraphs. 

UART--Universal Asynchronous Receiver-Transmitter. This is a 
general device that i nterf aces the processor with a relatively slow 
asynchronous serial data channel. The channel is asynchronous in 
that there is no synchronizing clock. There is prior knowledge about 
the data rate, and there are framing bits that allow the receiver 
to decipher the channel state to determi ne the character being sent. 
Figure 7-6 shows the format for transmitting an 8-bit data word. 
This can be done by the processor with software, but in many appli- 
cations it is better to use a hardware device to perform the 
framing and seri al ization. The TMS 9902 Asynchronous Communications 
Controller (ACC) , another 9900 family peripheral component, is such 
a device. The CRU interface of the ACC allows single bits to 
be accessed for control, and mul tipl e bi ts to be accessed for data 
input and output. The data channels, transmit and receive, carry 
the framed and serialized data, such as indicated in Figure 7-6. 
Details of the operation of the ACC are described later. 
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A-to-D and D-to-A Converters. The digital computer contains 
quantities expressed as a collection of ONE's and ZERO ' s. External 
devices and peripheral s often supply quanti ties that are continuous 
in nature, such as the voltage produced by a motor's tachometer, 
or the resistance of a temperature-monitoring device. Sometimes, 
external devices require a continuous input control quantity, such 
as a voltage-controlled frequency generator. For the computer to 
supply the latter, a digital-to-analog converter (DAC) is required. 
Conversely, an analog-to-digital converter (ADC) is frequently used 
to supply data to the computer. Figure 7-7 illustrates a simple 
DAC, capabl e of converting 4 bits of data into 16 discrete voltages. 
Most DAC's and ADC's use 8,10, or 12 bits of data for much better 
approximation to true continuous data. ADC's are more complex. Many 
ADC's use DAC's as part of their structure. 

General -Purpose Interface . Each microprocessor system has spec- 
ial requirements; however, rather than design a special CRU interface 
for each one, it is usually easier to include a general -purpose 
interface and assign the individual bits to serve the special re- 
quirements. The TMS 9901 Programmable System Interface (PSI) is 
such a general-purpose interface. For a small number of special- 
purpose control lines, the PSI adequately provides the necessary 
logic to interface between the CRU and the outside world. Further 
details on both the TMS 9901 and the TMS 9902 are provided in the 
next section. 



7.3 I/O PERIPHERAL COMPONENTS 

The TMS 9901 PSI is included on the University Board while 
the TMS 9902 ACC can be added as an option. Each device can be 
programmed to assume a multitude of functions. To use these devices 
it is necessary to understand their operation and how to program 
them. 



TMS 9901 Programmable Systems Interface 

The TMS 9901 Programmable Systems Interface (PSI) is 
to provide a general-purpose I/O, interrupt priority, and 
timer capabi 1 i ty to CRU-based microprocessor systems. 



desi gned 
interval 



Figure 7-8 illustrates the functional arrangement of th 
and its interface with the CRU and interrupt logic. First con 
the interrupt logic of the device. Refer to Figure 7-9. 
are 15 pi ns that can be used for i nterrupt-request i nputs. Assoc 
with each pin is a mask bit that is used either to enable or di 
the pin under program control. The prioritizer and encoder se 
from among the active interrupt and provides a 4-bit code (ICO 
indicating which one is active, along with the interrupt-re 
(INTREQ) line. Although the TMS 9901 produces a 4-bit inte 
code, the TMS 9980A microprocessor accepts only three. It i s impo 



e PSI 
sider 
There 
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1 ects 
-IC3) 
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rrupt 
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Figure 7-7. Simplified D-A Converter 
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Figure 7-8. Functional Block Diagram, TMS 9901 

to understand the relationship between the external i nterrupt-request 
lines and the interrupt levels on the TMS 9980A. Tabl e 7-1 indicates 
the interrupts recognized by the TMS 9980A and the inputs required 
to activate those interrupts. 

Table 7-1. Interrupt Vectors for TMS 9980A 





\ 


Interrupt Code 


Actior 


at TMS 9980A 




(IC0-IC2) 


Reset 




000 


Reset 




001 


Load 




010 


Level 


1 


Oil 


Level 


2 


100 


Level 


3 


101 


Level 


4 


110 






111 



Transfer-Vector 


Input 


Address 


at TM^^901 


0000 




0000 


INTl- 


3FFC 


INT2- 


0004 


INT3- 


0008 


INT4- 


OOOC 


INT5- 


0010 


INT6- 
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Figure 7-9. Interrupt Control Logic, TMS 9901 



as 



Interrupt pins that 
standard input pins. 



are disabled by the masks can be used 



To enable an interrupt line, first clear CRU bit ZERO to place 
CRU bits 1 to 15 in interrupt mode, then write a ONE to the bit 
associated with the desired interrupt. To di sable an i nterrupt i nput, 
write a ZERO to that bit. As an example, the following code enables 
interrupt levels 1 and 3. 



LI 
LI 
LDCR 



R12,CR 

Rl,10 

R1,0 



SET UP CRU BASE 

Rl = OOOOOOOOOOOOIQIO 

OUTPUT CONTROL BIT AND 



MASKS 



After executing the above 
available for input, and 
or output. 



instructions, bits 
bits 16 to 31 are 



2, 4, 5, 
available 



and 6 are 
for input 
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Table 7-2. 


CRU Bit 


7 


8 


9 


10 


11 


12 


13 


14 


15 


23 


24 


25 


26 


27 


28 


29 


30 


31 



TMS 9901 Pin Assignments 

Pin Usage 

34 INT7 

33 INT8 

32 INT9 

31 INTIO 

30 INTll 

29 INT12 

28 INT13 

27 INT14 

23 INT15 
23 P7 

27 P8 

28 P9 

29 PIO 

30 Pll 

31 P12 

32 P13 

33 P14 

34 P15 



There are 16 pins that can be used as standard I/O ports. 
Table 7-2 identi fies these, identifyi ng them by CRU bits and device 
pins. As inputs they are read via CRU bits 16 to 31. As outputs 
they are written to via CRU bits 16-31. Each of the pins is defined 
to be an input until it is written to. At that time it becomes 
an output port and remains so until a master reset returns all 
ports to input status, or until an RST2 function of the 9901 occurs. 
To accomplish this, write a ONE to CRU bit ZERO, then a ZERO to bit 
15. All I/O lines then revert to input mode. Do not forget to 
write a ZERO to the control bit again, CRU bit ZERO, to return the 
9901 back to normal operating mode. 

TMS 9902 Asynchronous Communications Controller (ACQ 

The ACC is another CRU-based interface device that performs 
serial data transmission and reception for the 9900 family of micro- 
processors. Although the interface is simple, the device is quite 
powerful, allowing the user to select the data length, data rate, 
format, pari ty, etc. The options avail abl e are summarized in Appendix 
D, to which the reader is referred. 

7.4 TIMER OPERATION 

Both I/O devices, the TMS 9901 and TMS 9902, have programmable 
timers. This section descibes their use. 

Access to the timer on the TMS 9901 is available through bit 
ZERO of the TMS 9901. When this bit is set to ONE, writing and 
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reading bits 1 to 14 refer to the timer value. The timer can be 
considered to be a 14-bit counter driven by a clock signal with 
a frequency 1/64 times the (D clock signal to the chip. Thus, for 
a "system with a, 2-MHz clock, the timer is driven by a 31.250-kHz 
clock. Since 2^^ = 16,384, the timer then has a maximum interval 
of about 524 msec and a resolution of about 32.0 ;isec. 

To initialize the timer, a ONE is written to bit ZERO followed 
by a 14-bit start count to CRU bits 1 to 14. The programmer must 
be careful not to write to bit 15, because this is the RST2 
function bit. If this is done, a master reset occurs, which may 
not be desired. The timer automatically starts decrementing from 
the value entered. When its decrementer register equals ZERO, it 
issues an interrupt via INT3, which may or may not be enabled. 
This interrupt is cleared by writing to the mask bit with either 
a ZERO or ONE. If the timer is to be polled, the control bit, 
bit ZERO, is set to ONE, and then bits 1 to 14 are read by a 
STCR instruction. The control bit must then be set back to ZERO 
to allow normal operation of the device. The clock read register 
will not be updated by the timer unless the control bit is ZERO. 
Whenever the timer times out, the INT3 mask bit should be written 
to. If the software operates in the interrupt mode, the interrupt 
service routine must set the mask bit. 

The timer in the TMS 9902 operates in a slightly different 
manner. The timer clock is the TMS 9902's internal clock, derived 
from the external clock. The external clock is divided by either 
three or four, dependi ng on CLK4M, (bit 3 of the TMS 9902's control 
register) . 

If CLK4M is ZERO, the internal clock is the external clock divided 
by 3. If CLK4M is ONE, the internal clock is the external clock 
divided by 4. The internal clock is then divided by 64 and applied 

^ ... ._^..- ..uj_i. J- J«--4.J«11.. 1»^/4/v/4 w-ia roil K-i+c n +n 

to an O-Dix counter, wrn^-n is iniuiaiij luaucu *■« v^ixw ^ , ^,^ ^ -« 
7. The internal clock is used by both the interval timer and the 
serial data interface intheTMS 9902. This means that the software 
may not indiscriminately alter the status of CLK4M for timer appli- 
cations, since that would also affect the serial data rate of the 
device. 

Using this timer, with a system clock of 2 MHz, the maximum 
interval available is 

Int„^^ = r- X 64 X (2^ - 1) = 32.6 msec. 

max 2 X 10^ 

Similarly, the minimum interval is 

1 
Int-^_ = - T- X 3 X 64 = 96 /jsec. 



'min 



2 X 10^ 
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Note that these occur for separate values of CLK4M. When the timer 
times out, TMELP (bit 25) is set, and if TIMENB (bit 20) has been 
set, then INT (bit 31) and TIMINT (bit 19) are set. Also INT- output 
is active, and this is passed through the interrupt request logic. 
Refer to the TMS 9902 ACC Data Manual for details. 

7.5 INSTRUCTION SUBSET 5 
Conditional Jumps 

Many of the i nstructions presented i n earl ier chapters resulted 
in certain bits in the status register being either set or cleared. 
The six jump instructions covered in this subset provide the pro- 
grammer with ways to test the status results of those instructions. 
It is important to remember two points on the use of conditional 
jumps: 

** They test the results of the most recently executed 
instruction that affected the status register bit being 
tested. 

** They do not themselves affect the status register. 

Because of the first point, it is usually wise to put the 
jump instruction immediately following the instruction the results 
of which are being tested. Because of the second point, several 
jumps maybe placed in sequence, to effect addi tional possibilities. 

In each of the six conditional jump instructions covered, the 
displacement field is interpreted exactly as in Chapter 3. Details 
are provided in Instruction Summaries 7-1 through 7-6. 

Byte Instruction 

When a byte instruction is executed with a register as an 
argument, the left byte of the register is used. Obviously, there 
may be times when the right byte is needed; consequently, the Swap 
Bytes instruction can be used to satisfy this requirement. See In- 
struction Summary 7-7. 

Logical Instructions 

It is sometimes necessary to take the logical or arithmetic 
negative of a number. The logical negative is usually called the 
"one's complement," and is achieved by simply inverting each bit. 
This can be accompl ished with the Invert Instruction (see Instruction 
Summary 7-8). Arithmetic negation is "TWO's complement," and the 
instruction is called Negate (see Instruction Summary 7-9). 

The final two instructions are used to initialize words to 
commonly used values, and -1. Since the hexadecimal representa- 
tion of -1 is FFFF, the instruction that performs this is called 
Set to Ones (see Instruction Summary 7-10). Similarly, the instruction 
that initializes to zero is called Clear (see Instruction -Summary 
7-11). ^ 
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JUMP IF LOGICAL LOW 



JL 



10 


11 
1 

10 


12 

1 
10 


13 

1 

11 


14 

1 

11 


15 


16 


17 18 


19 1101111121131141151 


1 

10 


1 
10 


1 
11 


1 I 
10 1 


1 1 1 1 1 1 i t 
Displacement (words) 1 










Length: 


1 word 



RESULT: If L>=0 and EQ=0, (PC) + Displacement in bytes — ^"(PC) 
* If L>=1 or EQ=1, (PC) unchanged 



STATUS 
REGISTER: 



OPERATION: 



10 II 12 13 14 15 16 17 18 19 |10|ll|12|13114|15l 



T 



Not Affected 



If the logical greater than status bit (L>) and equal 
status bit (EQ) are both ZERO, then add the signed 
displacement in bytes to the program counter. Other- 
wise, the next instruction in sequence is executed. 



JL INSTR 




NOTES : 

Tests status register bits to control program flow. Usually follows immediately 
an instruction that affects the status register, and JL tests the results 
of that instruction. 

Example: 



CI R3,>2795 
JL LS 



JUMP TO LS IF LOW 



Instruction Summary 7-1 
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JUMP IF LOGICAL HIGH 



JH 



CODE: JH Location 



1 12 13 14 15 16 17 18 |9 |10|11 |12|13|1 4I15I 

I I I I I I I I I I I I I I I I I 

IBOO16 10 10 10 II II 10 II II I Displacement (words) I 



RESULT: If L>=1, (PC) + Displacement in bytes 
If L>=0, (PC) unchanged 



Length : 1 word 
^(PC) 



10 II 12 13 14 15 16 17 18 |9 |10|11 |12|13|14I15I 
REGISTER : J Not Affected | 



OPERATION : 

If the logical greater than status bit (L>) is ONE, 

then the signed displacement in bytes is added to the 

program counter. Otherwise, the next instruction in 
sequence is executed. 



JH IMSTR 



VIS? 



.^X=^^ 



x2 
^ ■ SIGH EXT 
•c,N = 

-COMP =0 




NOTES: 

Tests status register bits to control program flow. Usually follows immediately 
an instruction that affects the status register, and JH tests the results 
of that instruction. 

Example: 

C R3,R7 

JH NE TRANSFER TO NE IF HIGH 



Instruction Summary 7-2 
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JUMP IF LOGICAL LOW OR EQUAL 



JLE 



10 II 12 13 14 15 16 17 18 |9 |10|11|12|13|14|15 

I I I I I I I I I I I I I I I 1 I 

CODE : JLE Location laOO^g 10 10 |0 |1 10 10 11 |0 I Displacement (words) I 

Length: 1 word 



RESULT: If L>=0 or EQ=1, (PC) + Displacement in bytes 
otherwise, (PC) unchanged 



(PC); 



STATUS 
REGISTER: 



OPERATION: 



10 11 12 13 14 15 16 17 18 |9 I10I11112113|14115| 
I "^ ~ I 

I Not Affected 1 



If the logical greater than status bit (L>) is ZERO, 
or if the equal status bit (EQ) is ONE, the signed 
displacement (in bytes) is added to the program 
counter. Otherwise, the next instruction in sequence 
is executed. 



JLE WSTR. 




x2 
/ ' SIGW EXT 

-COHP = 




NOTES : 

Tests status register bits to control program flow. Usually follows immediately 
an instruction that affects the status register, and JLE tests the results 
of that instruction. 

Example: 

C R7,R8 

JLE LP JUMP TO LP IF LOW OR EQUAL 



Instruction Summary 7-3 
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JUMP IF LOGICAL HIGH OR EQUAL 



J HE 



10 II 12 13 14 15 16 17 18 |9 |10|11|12|13|14|15| 

I I I I I I I I I I I I I I I I I 

CODE: JHE Location UOO^g |0 |0 |0 |1 |0 |1 |0 |0 I Displacement (words) I 

Length : 1 word 

RESULT ; If L>=1 or EQ=1, (PC) + Displacement in bytes — ^(PC) 
If L>=0 and EQ=0, (PC) unchanged 



STATUS 
REGISTER: 



OPERATION: 



10 II 12 13 14 15 16 17 18 |9 |10|ll|12|13|14|15l 



Not Affected 



JHE IWSTR 



If logical greater than status bit (L>) or equal status 
bit (EQ) is ONE, then add the signed displacement 
in bytes to the program counter. Otherwise, the next 
instruction in sequence is executed. 




NOTES: 

Tests status register bits to control program flow. Usually follows immediately 
an instruction that affects the status register, and JHE tests the results 
of that instruction. 

Example: 

CI R6,>6F6F 

JHE LP TRANSFER TO LP IF HIGH OR EQUAL 



Instruction Summary 7-4 
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JUMP IF NO OVERFLOW 



J NO 



10 II 12 13 14 15 16 17 18 |9 |10|1H12113114|15| 

I I I I I I I I I I I t I II I' 

CODE- JNO Location igOO^g 10 10 |0 |1 U I0 10 |1 I Displacement (words) 1 



RESULT : If 0V=0, (PC) + Displacement in bytes 
If 0V=1, (PC) unchanged 



Length : i word 
—►(PC) 



STATUS 
REGISTER: 



OPERATION: 



10 11 12 13 14 15 16 17 18 19 110111 |12|13114115| 



Not Affected 



If the overflow status bit is not set, then add the 
signed displacement in bytes to the program counter. 
Otherwise, the next instruction in sequence is exe- 
cuted. 



JUO WSTR 



msL 



y 



xZ 
SIGN EXT 

IN= 

COMP = 




NOTES: 

Used to test for overflow in previous result. Refer to discussion on binary 
arithmetic to determine when overflow occurs. 

Example: 
A R6,R9 
JNO OK TRANSFER TO OK IF NO OVERFLOW 



Instruction Summary 7-5 



34: 



JUMP IF ODD PARITY 



J OP 



IQ [1 [2 13 14 15 16 17 18 |9 jlOIll I 12I13I14I15 
CODE: JOP Location ICOO,, |0 |0 |0 jl jl jl jo jo ' Displacement' (wdrdln 



RESULT: If 0P=1, (PC) + Displacement in bytes 
If 0P=0, (PC) unchanged 



Length : 1 word 
—^(PC) 



STATUS 
REGISTER; 



OPERATION: 



10 II 12 13 14 15 16 17 18 |9 |10|11 I12I13114I15I 



Not Affected 



JOP WSTR 

[ 




If odd parity status bit is ONE, then add 
the signed displacement in bytes to the 
program counter. Otherwise, the next in- 
struction in sequence is executed. Odd 
parity results when a byte binary value 
contains an odd number of ones. This bit 
is set only by byte operations. 



NOTES: 

Tests results of last operation affecting OP bit in status register. Used in 
error-detection applications. rey.bter. usea in 

Example: 

LDCR R3,8 INPUT 8 BITS FROM CRU 

JOP ER TRANSFER TO ER IF ODD PARITY 
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SWAP BYTES -^^^ 

<! — 

10 I I 12 13 14 15 16 17 18 19 |10111112113114|151 
1 II I 1 1 I 1 1 i I 1 1 1 1 
CODE : SWPB S OeCOig 10 10 10 10 10 11 11 10 U U 1 T^ 1 Es j_ 

I C/Miv./^A Mamnvx/ DofpVPnrP 1 

j OWUI \»C |-|\.lliv»i J .^^ . «.. ■^..T-— •_ 

Length : 1 or 2 words 

RESULT: (S) BYTE 1 -♦(S) BYTE 2 
(S) BYTE 2 — ^(S) BYTE 1 

10 11 12 13 14 15 16 17 18 19 1101111121131141151 

STATUS T " 7~zir~n 

REGISTER: 1 Not Affected _ L 



OPERATION: 



Exchange bytes in a word, addressed by any of the five basic addressing modes. 



NOTES: 



lued to swao bvtes within a word. Typically done within a workspace register, 
s?nce SyteTnstuctio^^^^^^^^ ^y^^* ^^^'^^' ™^"«^^ 

address bytes are directly addressable. 



Example: 

SWPB R3 SWAPS BYTES IN REGISTER 3 
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INVERT 



INV 



CODE: INV S 



RESULT: (S) 



10 II 12 13 14 15 |6 1 7 18 |9 I10I11I12I13I14I15 
' ' I I I I I I I I I — I — I — I — I — I — 
0540]^g 10 10 10 10 10 II 10 II 10 II I Tc I r! 



S^O£r£e_Memo r^ RefererKe 
Length : 1 or 2 words 



S) 



cT.TMc 'Q '1 12 13 14 15 16 17 18 19 |10|11|12|13|14I15I 

olAIUo I I I I ~" ~ T 

REGISTER : |L>|A>|EQ| 



OPERATION : 

Logically invert each bit in a word, using any of the 
five basic addressing modes. The result is compared 
to zero, and the status bits are set accordingly. This 
is a one's complement negation. 




NOTES: 



Use INV to change all bits in a word. Sometimes, only certain bits are of 
interest and the others are "don't-cares." certain oits are ot 

Example: 

INV R2 CHANGE EACH BIT IN WORKSPACE REGISTER 2 
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NEGATE 



CODE: NEG S 



NEG 



10 II 12 13 14 15 16 17 18 19 110|11|12|13|14|15| 
1 I I I I I I I I I I I I I 1 I I 



0500i6 10 10 10 10 10 II 10 II 10 |0 | Tc I 



bou[rcej*ieni£r^ j<eTe renc£ i. 

Length : 1 or 2 words 



RESULT: -(S) 



(S) 



10 11 12 13 14 15 16 17 18 |9 110|11112113114|151 

STATUS I I I I I I r 
REGISTER: IL>IA>IEQI lOVl L 



OPERATION : 

Replace a word with itsTWO's complement: invert each 
bit and add 1 to the result. The result is compared 
to zero, and the status bits are set accordingly. 




NOTES: 

Use NEG to obtain the TWO's complement of a number. 
Examples: 

NEG R7 WORKSPACE REGISTER 7 NEGATED 

NEG ^NUMBER NUMBER NEGATED 
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5El 10 ONES 



SETO 



CODE: SETO S 



1 12 13 14 15 16 17 18 |9 llOIll |12|13|14|15 

T I I I \ I I r~i — I — I — I — I — I — I — f— 

0700ig 10 10 10 10 10 II II II 10 10 I Tc I R^ 



Source^ M emoj;7_R^f ^renc^e 
Length: 1 or 2 words 



RESULT: FFFF 



(S) 



STATUS 
REGISTER: 



OPERATION: 



10 II 12 13 14 15 16 17 18 |9 |10|11 |12|13I14I15I 



Not Affected 



Set each bit in a 16-bit word to ONE. This is the 
same as setting a signed binary number to -1. 




NOTES: 

Use SETO to initialize a location with -1. In some cases, this may simplify 
loop termination logic. "v^y 



Examples: 
SETO 7 
SETO @DATA 



WORKSPACE REGISTER 7 = -1 
DATA = -1 
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CLEAR 



CLR 



10 II 12 13 14 15 16 17 18 |9 |10lll |12ll3|14ll5| 



Sojjr£e_Memo^r^ Refe renc e^ _ 
Length: 1 or 2 words 



RESULT: — ^(S) 



CODE: CLR S 04C0i6 10 |0 |0 10 |0 U 10 I0 H HI T<; I R^ I 



10 II 12 13 14 15 16 17 18 |9 I10lll|12|13|14115 



STATUS 
REGISTER: 



OPERATION: 



Not Affected 



Set to ZERO each bit in a 16-bit word. 




V. r— COMP = 

A-ry- Q 

E^'...< /ALU 
CTL 

'AW 



^^r- 



NOTES: 

Use CLR to set to zero workspace registers and general memory. 

Example: 

CLR 3 WORKSPACE REGISTER 3 = 0000 

CLR @C0 CO = 0000 
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7.6 PROGRAM EXAMPLE: TRAFFIC-LIGHT CONTROLLER 



ti 
ca 



This program demonstrates the use of CRU I/O and the programmabl e 
mer on the TMS 9901 using a simplified version of a common appli- 
tion: the control of a traffic light. 



Specifications 

In real-world traffic control, the traffic-1 ight system usual ly 
IS quite complex. It must usually control more than one lane in 
any direction, including separate controls for right-turn-only and 
left-turn-only lanes. Often it will automatically adjust itself 
for changing traffic patterns. It should operate in a fail-safe 
mode (i.e., not all lights green at once). And, in really dense 
environments such as business areas, many signals should be carefully 
coordinated. 

Nevertheless, the purpose of this example is to acquaint the 
student with the procedures for using interval timers and I/O 
in controller applications, rather than to design a complex traffic 
controller. Therefore, this example of a traffic controller will 
be simple. Each direction of traffic is controlled by a four-light 
system: stop, go, caution (CAU), and protected left turn (PLT). 
A typical four-way intersection is depicted in Figure 7-10 while 
the sequence of lights for the traffic controller is indicated in 
Table 7-3. Notice the four-way-stop states which occur immediately 
following the protected-1 eft-turn states. The four-way-stop states 
are allocated less time than the caution states, since it is assumed 
that traffic entering the intersection to turn left will be moving 
slower than traffic moving straight ahead. Also, notice that state 
follows state 7. 

There are two basic questions to answer before writing the 
controller program: How should the timing be controlled and how 
should the output be handled? 



Table 7-3. State Sequence, Traffic Light Controller 
State Light (N-S) Light (E-W) Time (Seconds) 



Light (N-S) 


Light (E-W) 


Stop 


Stop, PLT 


Stop 


Stop 


Stop 


Go 


Stop 


CAU 


Stop, PLT 


Stop 


Stop 


Stop 


Go 


Stop 


CAU 


Stop 



10 
3 



2 Stop Go 20 



5 
10 

3 
20 

5 
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Figure 7-10. Four-way Intersection 
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K. h 'x//r."'r^° '^.^^^'" ""'^^ nothing el se to do, the timi ng could 
tL^?"?^''-^^'''^^ ^^^'^y. i" software. For example, as shown in 
the following program, it takes 200 milliseconds to get from PI 
to P2, assuming a ZMHz clock. 

PI LI Rl, 14286 

LP DEC Rl 

JNE LP 

P2 EQU $ 

A delay loop such as this might be inserted every time a new state 
In rnnt^n?* However, it might be desirable to allow one computer 
I. H^ff '?.^^^\^:?^^^' ^^ch of which may be running according 
to different time tables. In this case, a programmable timer is 
necessary. This example incorporates a programmabl e timer, although 
not in a manner that would make most efficient us( 
such"""' 
s\ 



e of it. For 



;uch efficiency a discussion of i nterrupts, subroutines and co'ntext 
;witcheswould be necessary, but i s beyond the scope of this chapter! 
(These topics are discussed in the following chapter and the reader 
IS encouraged to relate the advantages of such concepts to this 
exampl e. ) r «'■■ • ^ 



The second 



^ ^ ,, , . PJ'oblem is the handling of I/O. Normally, the 
controler drives all light pairs directly, but since only four 
on?v%hI% "'^"'^^^°" ^^^ University Board, the program outputs 
only the four signals corresponding to the north-south lanes. 



Fl owchart 



Since the program is not subject to external control, it is 
y simple loop: ' ^ 



a very simp 



INITIALIZE STATE COUNTER 



OUTPUT TO LED'S 



DELAY, ACCORDING TO 
STATE COUNTER 



I 



INCREMENT COUNTER 
MODULO 8 
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Program Listing 

Writinqthe program requi res the foil owing steps. Fir 
mine tKe value with which to start the timer Assume a 
of 0.20 second. Since the system clock is 2 MHz, and 
decrements every 64 system-clock cycles the t,„er reg 
be loadedwitha value of 0.20 (2 x 10^ /64 = 6250io. Thi s 
*^ iQca . T,^ wv-i to thi«: number into the cl ock regi sters, tn 
a;p;rac^Vs'sMft ule?tone bit, and add a 1 to the least-s 
bit. When the result is written to the CRU, the least-s 
bit is transferred first. In this case, the LSB is a ON 
theTMS 9901 in the clock mode. The remaining bits are i 
the clock register. See Figure 7-11. 

The CRU base address for the user TMS 9901 is 0000. 
thP timer uses bits to 15, this base address can be 
the ^^'"Yhe ti^^er. To write all four LED control bits at once, 
.!..Vj;V/nn ic used. The use of this instruction requires 
'cRu'bl^e^addre'ss be the address of the l°;est-order bit 
The four LED's are connected to CRU bits lb to 



St, deter- 
time unit 
the timer 
ister must 
transl ates 
e simplest 
ignificant 
i gnif icant 
E, placing 
oaded into 



Si nee 
used to 



access 

an LDCR 

that the 

to be written. 

19 

be 



(lOic to ISifi). Therefore, 



loaded i nto Rl 



'1.6 



2 is 2 X 10 



16 



the CRU 



software base address to 



code. 



The two equivalences given below simplify the notation in the 



DL 
U9 



EQU 
EQU 



>30D5 ENABLE AND START TIMER 
CRU BASE ADDRESS FOR TIMER 



to 
of 



To simplify the program, two tables of data are used, one 
store delly counts, which are equal to five times the number 
seconds to be delayed (since the timer interval is 0.200 second) 
InSSne to store LED^ssignments. The LED assignments are are given 

in Tahlp 7-4. 



Table 7-4. LED Assignments and Pattern 



Assi qnment 

PO (Bit lOig) = Stop 

PI (Bit llig) = Caution 

P2 (Bit 12ig) = Go 

P3 (Bit isjg) = Protected Left Turn 



LED Pattern 

0001 
0010 
0100 
1000 



DATA assembler di recti ve i s used 
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110 11 10 10 



30D5 = 186A X 2 + 1 



Lm 





1 



1 



1 
1 






1 
1 





CONTROL BIT 

CLKl 

CLK2 



186A 



16 



CLK14 



Figure 7-11. CRU Bit Assignments 
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SDSMAC 



3.1 * 09:37:35 FRIDAY, DEC 23, 1978. 



PAGE 0002 



0011 
0012 
0013 



0001 0200 

0002 

0003 

0004 

0005 

0006 

0007 

nr\/\a f\'tf\fS 

0009 0220 
0222 

0010 0224 
0226 
0228 
022A 
022C 
022E 
0230 
0232 

0014 0234 
0236 
0015 
0016 
0017 
0018 
0019 

0020 
0021 
0022 
0023 
0024 
0025 
0026 

0027 
0028 
0029 
0030 
0031 
0032 

0033 
0034 

0035 
0036 
0037 
0038 

0039 
0040 
0041 
0042 
0043 

0044 
0045 
0046 
0047 
0048 



0000 
0001 
0002 
OOOC 
30D5 
0000 

320F 
6419 
320F 
6419 
0101 
0101 
0901 
0402 
02E0 
0200 
0300 
0000 



RO 

Rl 

R2 

R12 

DL 

U9 

UP 

TB 



LD 



ST 



0238 020C 
023A 0000 
023C OAIC 
023E lEOO 
0240 1D03 



0242 0202 
0244 30D5 
0246 04C1 



0248 020C 
024 A 0010 
024C OAIC 
024E 3121 
0250 0228 



0252 D021 
0254 0220 
0256 0980 



0258 020C 
025A 0000 
025C OAIC 
025E 33C2 



TM 

« 
« 



AORG >200 

EQU 

EQU 1 

EQU 2 

EQU 12 

EQU >30D5 

EQU 

gee 3J2 

DATA >320F, >6419 

DATA >320F, >6419 

DATA >0101,>0101 

DATA >0901,>0402 

LWPI WP 

LIMI 



REGISTER EQUATES 



(. 2*2E6/64>*2+l 

USER 9901 CRU ADDRESS 



SET WORKSPACE POINTER 
DISABLE INTERRUPTS 



SET 9901 TO INTERRUPT MODE AND ENABLE 
CLOCK INTERRUPT, LEVEL 3 

LI R12, U9 

SLA R12, 1 
SBZ 
SBO 3 

INITIALIZE DELAY AND STATE REGISTERS 
LI R2, DL 

CLR Rl 

MAIN LOOP: OUTPUT LED PATTERN CORRESPONDING 
TO STATE REGISTER 



LI R12,U9+16 

SLA R12, 1 
LDCR «LD<R1>,4 



OUTPUT PATTERN 



SET UP FOR OUTER TIMING LOOP 

MOVB «TB<R1).R0 CET DELAY COUNT 

SRL R0.8 SHIFT TO L. S. BYTE 

SET UP FOR INNER TIMING LOOP 

LI R12, U9 



SLA R12, 1 
LDCR R2, 15 

ItmER TIMING LOOP 



SET & START TIMER 



Fi gure 



7-12. Program Listing, Traffic Light Controller 



353 



SDSMAC 



3.1 * 09:37:35 FRIDAY, DEC 22, 1978. 



PAGc 



0049 


0260 


IFOF 


0050 


0262 


16FE 


0051 






0052 






0053 






0054 


0264 


lEOO 


0055 


0266 


1D03 


0056 


0268 


0600 


0057 


026A 


16F9 


0058 


026C 


0581 


0059 


026E 


0241 




0270 


0007 


0060 


0272 


lOEA 


0061 




0230 


NO ERRORS 





TS 



TB 


15 


JNE 


TS 


INNER LOO 


SBZ 





SBO 


3. 


DEC 


RO 


JNE 


TM 


INC 


Rl 


AND I 


Rl, 7 


JliP 


S2 


END 


ST 



TIMED OUT' 
NO, WAIT 



BACK TO INTERRUPT MODE 
CLEAR TIMER OUTPUT 
DELAY COMPLETE"' 

NO, REPEAT INNER LOOP 
INCREMENT STATE REGISTER, 
MODULO 8 

REPEAT FOR NEXT STATE 



Figure 7-12 



Program Listing, Traffic Light Controller 
(Continued) 



>320F. The following two 
set up the delay table. 



lines of assembly-language directives 



TB DATA >320F,>6419 
DATA >320F,>6419. 

The table of delay counts must contain the sequence of dec- 
imal numbers 50, 15, 100, 25, 50, 15, 100, 25. From Table 7-3 
the first time delay in the sequence is 10 seconds. To effect this 
delay, a counter will be set to count 50 iterations of a200-milli- 
second delay, since 50 x 0.200 = 10. The entire sequence of state 
delays from Table 7-3 is realized by a sequence of decimal numbers 
50 15, 100, 25, 50, 15, 100, 25. With the LED output port assignments 
indicated above, observe that outputti ng the four bits representing 
a BCD value Of 1 turns the stop 1 i ght on and the others off . Therefore 
the first byte Of the LED tableis >01. Reference toTable 7-3 shows 
that the first four bytes are all >01. The fifth byte should be 
a binary 1001, with STOP and PLT bit. This process is continued 
on through the table. Thus, two assembly-language statements can 
be used to set up the LED table: 

LD DATA >0101,>0101 
DATA >0901,>0402. 

The remainder of the program is given in Figure 7-12, with 
appropriate comments. The program can be assembled and then 
executed with the E command (the program counter will be loaded 
with the program entry vector via the END directive). The user 
can load the object (column 3 of the listing) at the memory 
address (column 2) and execute with the entry address (0230) in 
the program counter. 
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7.7 SUMMARY 

In this chapter, a detailed description of input/output tech- 
niques is presented, with emphasis on two of the standard pen pheral 
interface devices in the 9900 series of microprocessors. Descrip- 
tions of memory-mapped I/O, direct memory access, and the communi- 
cations register unit techniques are given, with some examples. 

Use Of the iMb yyui is aescnueu i [i ucuaii, « . u.. « j^.^g.-... r- 

given to illustrate its operation. 

Instruction Subsets is covered. The remainder of the conditional 
jump instructions are described as well as some useful logical instruc- 
tions. The Swap Bytes instruction, useful in conjunction with the 
other byte instructions, is also discussed. 

With the new information provided in this chapter, the programmer 
can proceed to adapt the TM 990/189 microcomputer to an endless 
variety of tasks requiring connection to the outside world. The 
real power of microprocessor can thus be realized. 

7.8 EXERCISES 

1 Assume a device is connected at memory address >F004 and 
is capable of supplying 16 bits of input and 16 bits of output. 
Write the instructions necessary to 

(a) Read the value at bit #6 

(b) Write a 7(0111) to bits 3-6 

(c) Pulse (set and reset) bit 15. 



2. Assume an 8-bit memory-mapped I/O device is connected at 
address >F009. Write the code required to output bits i-io or k/. 

3. How long would it take a DMA device to load memory from 
>0100 to >477F at a rate of 50 kilobytes/sec? 

4. A tape transport is connected to a computer memory via 
DMA. It takes 0.045 second to ramp up to speed at 37.b incnes 
per second. If the data density is 1600 bytes/inch how long would 
it take (seconds) to dump memory from locations to >/i-hh. 

5 A TMS 9901 device is to be used as the time base for a 
tone generator. Thetimermust deliver an interrupt every hal f-cyce 
of the output tone. Assuming a clock rate of 2 MHz, what should 
the hex value of the timer register be for tones of 

(a) 1 kHz 

(b) lOO Hz 

(c) 10 kHz. 

How accurate would these be as frequency standards? 
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6. A TMS 9901 device is to be 
and interrupt requirements. Write 
assuming an absolute CRU address of 



set up for the following I/O 
the instructions to do this, 
>20: 



Pin # 


1 Use 






17 


1 INT 1 


18 


1 INT 1 


9 


1 INT 3 


8 


1 IN 


7 


1 IN 


6 


1 IN 


38 


IN 


37 


IN 


26 


OUT 


22 


OUT 


21 


OUT 


20 


OUT 


19 


IN 


23 


IN 


27 1 


OUT 


28 1 


OUT 


29 1 


IN 


30 1 


IN 


31 1 


IN 


32 1 


IN 


33 1 


IN 


34 1 


IN 



teletypewJuer coS» "^iJ^'i^ ^' *° *'^ """ *° transmit Baudot 

n rTfa^s^s.^i^d ivwAti^z'.::: vw::-.Za%' z'lk 



8. Write the instructions to 
of the 9901) to generate the tones 



program the TMS 9902 (in place 
required in exercise 5. 



7.9 LAB EXPERIMENTS 

that iurn^'thf ^h,e °"-^oa'^d LED's. design an automobile turn indicator 
that turns the LED s on and off according to the following tables. 



Phase 


Left Turn 


Right Turn 





0000 


0000 


1 


OOOi 


• 000 


2 


0011 


• •00 


3 


out 


• ••0 


4 


•••• 


•••• 
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It should cycle the left-turn pattern four times then return to 
the monitor. The user can then set a register to cycle through 
the right-turn pattern four times. Select an optimal cycle period 
by trial and error. 



2. 
the BCD 



Design a missile launch-control countdown timer. Display 
value of each second from 10 down to 1. When zero is 

reached, flash all four lights together on and off at a rate of 

10 flashes per second. 

3. Modify the example program to simulate rush-hour traffic 
timing requirements. Devise a suitable means of indicating rush 
hour, and change the timing so that state 2 is held for 10 seconds 
and state 6 for 30 seconds. 



4. 
can contr 
Use the on-board 



Develop a four-phase stepper motor driven simulator which 
ol a stepper motor with the phase sequence shown below, 
to indicate the current phase pattern. 



:pp( 
LED'-s 



CW 



CCW 



1 STEP 


PHASES 


PHASES 1 


1 1 


10 10 


110 1 


1 2 


10 1 


10 1 
10 1 


1 
1 


1 3 


10 1 


1 4 


110 


10 10 1 



the LED's (CRU 



Output the patterns to 

hold for five seconds to allow checkout, 
tion that the pattern is changing, execute 
prior to the LDCR instructions. 



address lO^^g - 13^g) and 

For an audible indica- 

BLWP @>300C immediately 
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CHAPTER 8 
MODULAR PROGRAMMING 

8.1 INTRODUCTION 

This chapter is a study of a basic programming technique, the 
construction of subroutines. The judicious use and structuring 
of subroutines is a fundamental principle of effective programming. 

In relation to subroutines, the concept of a program context 
is explored as is the importance of context switching. The special 
features of the 9900 fami ly that implement this concept are described 
in detail. 

This chapter introduces the last subset of the TMS 9980A's 
instructions. Included in this subset are instructions that are 
especially useful in writing subroutines and performing a context 
switch. Also in this subset is a pair of instructions that have 
the power of subroutines, the 9900 family's multiply and divide 
instructions. 

This chapter also introduces the subroutines residing in the 
TM 990/189 UNIBUG monitor that may be employed by a user s appli- 
cation program to perform useful functions such as inputting or 
outputting characters. 

As in previous chapters, a specific program i s devel oped. This 
program illustrates the use of subroutines and the concept of context 
switching. 

8.2 PROGRAM MODULARITY CONCEPTS 

Definition 

Up to this point, programs have been discussed and developed 
on a "stand-alone" basis; that is, the programs were constructed 
to exist on their own without direct interaction with any other 
program. In most applications, however, a program does not exist 
alone. An application is normally composed of several program 
segments, each of which performs an individual V^^ c ''J " Jn^Hnip" 
complete application program. Each program segment is a module 
or a functional piece of the entire program structure. 
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Advantages 

By structuring programsinto 
functional modules, several ad- 
vantages are gained. First, 
there is memory efficiency. A 
function can be defined once in 
an individual program module. 
Whenever that function is needed 
in the overall application pro- 
gram, that one program module can 
be called to perform its task. 
This is more memory efficient 
than rewriting the function eyery 
place it is required. Figure 8-1 
illustrates this relationship 
between the collective program 
segments or modules in an appli- 
cation program. 

A second advantage of pro- 
gram modularity lies in ease of 
debugging. It is easier to debug 
the smal ler program modules than 
to debug a large complete appli- 
cation program. The debugging 
task can be limited to smaller 
r ,. . programs that are desianed to 

IVM7 'h^'"'''1^ function. The individual program module^an be 




Flgure 8-1. A Collection of Program 
Modules in an Application Program 




restructuring. 



It is feasible 
modules to choose 
could identify the 



that a 
from as 
functions 



user could have a selection of program 
an application is being designed. He 
rhAAco +h« ^ , needed by the application program, 

^?mni!nA Pr^Sram modules to accomplish these functions, and then 
simply piece them together with i nterf acing code, much like a hardware 
designer now designs with TTL building blocks a naraware 



8.3 SUBROUTINES 

laritl^/c th^^'^l"""°1-^^^'"P2^ °^ ^^^ implementation of program modu- 
InH !L ^^ subroutine. The use of subroutines promotes modularitv 
and economy of memory and allows applications to be debugged mire 
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Def ini tion 



A subroutine is a 



closed set of instructions (and perhaps data 

s"and"coVstants) which is called by another program or subroutine 

the purpose of performing a specific task. The decision of 

of code as a subroutine is sometimes arbitrary. 



area 

for the p 

defining a 



piece 



but normally a piece of code is a candidate for becomi ng 
when its function is required at more than one point in an 



a subroutine 



Usages 

Chapter 5 explains that the programs in a system's memory 
are grouped into three broad classifications: a supervisor module. 
-- more I/O modules, and one or more task modules. 




Characteri sties 

A subroutine is limited in size and, normally, is defined for 
the purpose of performing a speci fie function or, possibly, several 
functions. In most cases, though, the function of the subroutine 
should be limited to one specific task. 

A subroutine is defined to be a function which is needed at 
several places in the overall application. Therefore, a subroutine 
can be called from several di f ferent pi aces in the application pro- 



gram, 
tends 



because 






M «N ^ «k m K 



« /«allaiM fvr\m coupral nlaceS. it 

to be more general in nature than the in-line code it replaces. 
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As illustrated in Figure 8-2, a subroutine has an entry point 
and an exit point with a body of code in between to perform the assigned 

function. 

E ntry Point . The entry point of a subroutine normally is 
the first executable instruction in the subroutine. It is possible 
to design a program segment with more than one entry point, but 
good programming practice limits a subroutine to only one entry 
point. With only one entry point, the ease of debugging is greatly 
improved. 

Exit Point. In addition to an entry point, a subroutine has 
an exit point where control is returned to the program that called 
it. Again, as with entry points, a subroutine could be designed 
to have more than one exit point, but good programming discipline 
limits a subroutine to only one exit point. 
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Figure 8-2. The Structure of a Subroutine 
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Figure 8-3. A Subroutine Can Return Control to One of 
Several Places in the Calling Program 
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Because a subroutine can be called from several di fferent pi aces 
in the application program, a mechanism must exist to remember the 
point from which it was called so that control can be returned 
to the specific program that cal led it. Virtually every processor-- 
whether it be a big mainframe, a minicomputer, or a microprocessor 
--has an architecture and instruction set that allows subroutines 
to be called and the return address saved in an area available 

Depending upon the results desired, the subroutine can be de- 
signed to return control to any one of several places. As shown 
in Figure 8-3, a program is called from location OZOOj^g, but the 
construction of the subroutine is such that a return to the calling 
program can be at 1 ocations 0202^5 , 0204i5, or 0206^5. The specific 
location to which the subroutine returns control in the calling 
program depends upon the results produced by the subroutine. An 
example of this will be seen later in this chapter when the UNIBUG 
monitor calls are discussed. 

The return address can be considered to be a piece of data 
passed to the subroutine. 

Data Passing . A subrouti ne processes data and normally produces 
action and/or other data needed by the cal 1 i ng program or a subsequent 
program. For example, a subroutine may perform the function of 
determining the average value of a given set of values. The subroutine 
receives the individual values as input data and produces the average 
value as output data. 

Conventions have been adopted for data to be passed to sub- 
routines from a calling program and to allow data to be returned 
to a calling program. Some of the more common methods include 

** Passing the data via working registers 

° Passing the address of the data 

** Passing the data in defined areas of memory 

** Passing the data on a common stack, if there is one. 

Data passed to the subroutine normally includes the return 
address, which is needed to return control to the correct program 
modul e. 

As a subroutine is designed, the programmer must decide how 
the input data is to be passed to the subroutine and then write 
the subroutine to accept the data in this manner. 

If a stack i s availabl e, the convention maybe adopted to place 
the data on the stack prior to calling the subroutine. Once the 
subroutine has been called, it can extract the data from the stack, 
calculate results, and, perhaps, place the results back on the 
stack before returning control to the calling program. Thi s technique 
is illustrated in Figure 8-4. In this figure, the calling program 
places data on the stack (circle 1) and then calls the subroutine 
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Figure 8-4. Passing Data on a Common Stack 
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(circle 2). The subroutine removes the data from the stack (circle 
3), processes it, and places the result back on the stack (circle 
4). The subroutine returns control to the main program (circle 5) 
which then extracts the result from the stack (circle 6). 

If a stack is available, it is very convenient to at least 
pass the return address to a subroutine on the stack. A micro- 

^^^^^^^f^^ moK U'stfA ■{ n ■; + c -1 n c 4- VII /»■*•■? A n cat f\no nv mniro i n c + rn '~ + "1 O n « 
yruuca^ur majr iia»c in luj ih^jvimv-vivh jv,v vrii%, vri imvi^ ■■■^^.j>-~.-^.i — 

that cause a transfer of control to a subroutine while automatically 
placing the return address on the stack. Likewise, there may be 
an instruction that allows a subroutine to automatically take a 
return address from a stack and return control to that address. 

Another common technique (as shown in Figure 8-5) is to specify 
that data will be passed in specific, defined locations in memory. 
For example, a subroutine, when it is entered, may be designed 



to always 



for 



look 

duuiuuuiiic iiiajr i^abo uduu l/u\.^ 

it in a specific, defined location. 



data in 

Ha + a 



memory 

■t-n 



location 100 

4-ha rallinn r 



16 



Likewise, the 

'am Kv nlarinn 



In Figure 8-5, the main program places a data value in memory 
location X (circle 1) and calls the subroutine (circle 2). The 
subroutine reads the data (circle 3), processes it, places the 
result in memory location Y (circle 4), and returns control to 
the main program (circle 5). The main program reads the result 
in memory location Y (circle 6) and continues its processing. 

An area of memory used to pass data between i ndi vi dual programs 
is called a "buffer." Rather than using one area of memory as 
in the previous example, the program that gathers the data may 
have several memory areas, or buffers, to choose from. One is chosen. 
Data is gathered and placed in it. When the program calls the 
subroutine, the program passes the address of the buffer to the 
subrouti ne. 

This method i s shown in Figure 8-6. In some cases, the contents 
of the buffer may be a collection of addresses which point the 
subroutine to the data. 

Another method of passing data (including return addresses) 
is to use the working registers. As shown in Figure 8-7, data can 
be passed to the subroutine in the registers and the subroutine 
can return other data in the registers. 

The architecture of the 9900 f ami ly of microprocessors provides 
for the use of more than one set of working registers. A subroutine 
can use the same set of working registers as the program which 
called it, or, there is the option for the subroutine to use its 
own set of registers, separate from the calling program. 
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Figure 8-5. Passing Data in a Defined Area of Memory 
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Figure 8-6. Passing Data in a Buffer 
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Figure 8-7. Passing Data in the Working Registers 
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Relation of Subroutines to Past Program Examples 



In previous chapters, program examples have been stand-alone 
programs; that is, they were self-contained. The programs were 
not called by other programs, so, by definition, they were not 
subrouti nes. 



It is more 1 ikely, however, that specific program segments are 

written to be a part of an overall application that has several 

other functions. There is the need then for interaction between 
the various program segments. 

As an example, consider the traffic-light controller in the 
program example of Chapter 7. It is likely that this program 
may be simply a part of a larger traffic-light controller application. 
There maybe other programs that perform such functions as counting 
the traffic in the lanes, a clock program to coordinate the timing 
of the traffic lights according to the time of day, a program to 
log the traffic activity by time of day and, perhaps, a diagnostic 
program that periodically checks the status of the equipment. In 
such a traffic-light controller, the program example in Chapter 7 
might be a subrouti ne. This subroutine might be called from another 
program and have data passed to it which might, for example, define 
the number of cars in each lane. The subroutine could then modify 
the timing of each lane depending upon the traffic load. 

Likewise, the cycle generator program example in Chapter 6 
could be included in an application as a subroutine and called 
by other programs to produce various tones or provide duty-cycle 
control for various devices. In fact, the program example in this 
chapter uses the cycle generator program as a subroutine. 



With the 9900 family of microprocessors, 

ui a I luwiiig cauii :>uui ui 

Transferring control from one . _ 

its own set of registers is called "context switching. 



there is the option 



program to another program having 



8.4 CONTEXT SWITCH 

One of the distinguishing characteristics of the 9900 family 
of microprocessors, is its memory-to-memory architecture. One of 
the advantages of this architecture is the flexibility to use a 
number of different working register sets located in memory. It 
is possibl e for each program to have i ts own set of working registers. 

Specifically , this architecture allows the processor to respond 
to an interrupt request rapidly. This fast interrupt response is 
a result of the ability to assign a unique set of registers to 
an interrupt service routine. Upon an interrupt, control is trans- 
ferred to the interrupt service routine with its own set of working 
registers by means of a context switch. 
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Def ini tion 

To explain context switching, it is first necessary to explain 
what is meant by a "context." Perhaps it would help to replace the 
word "context" with the word "environment." 

A program has an environment or context. Consider Figure 8-8, 
which shows a program for the TMS 9980A in its environment. There 
are essential ly four items that constitute a program's environment. 

First, a given program occupies memory space. The def i ned area 
of memory that the program occupies is a part of that program's 
envi ronment. 

Second, with the 9900 series of microprocessors, the area of 
memory set aside for the working registers is also a part of the 
program's environment. This is generally one of the first things 
that must be def ined in a program. Withi n the processor, the workspace 
pointer contains the address of the working registers; therefore, 
the content of the workspace pointer (WP) is a part of a program's 
environment or context. 

Instructions are being executed one at a time in a program. 
The current instruction to be executed at a given point in time 
is a third part of the program's environment. The program counter 
(PC) is the processor's internal register that keeps track of the 
address of the current instruction. Therefore, the contents of the 
program counter at a particular point in time is a part of a program's 
envi ronment. 

Finally, as a program is being executed, the individual status 
bits in the status register are being set or reset to reflect the 
current status resulting from the execution of the instructions 
in the program. Therefore, the contents of the status register 
(ST) is the fourth part of the program's environment. 

It can be said, then, that the four items, which constitute 
a program s environment are 

° Its memory space 

The contents of the workspace pointer 

The contents of the program counter 
** The contents of the status register. 

Normally the first of these four items, the memory space of a 
program, is rigid. The program is defined to occupy an area in 
memory, and once the program is located (either in RAM with a 
loader or programmed in ROM) it is not subject to change. However, 
the last three items are dynamic; they can change as a result of 
the system s execution. 

Context switching or changing from one program environment 
to another, means switching from one program to another in memory 
by changing, or allowing to change, the three internal registers 
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Figure 8-8. A Program Iri Its Environment 

of the 9900 family processor: the workspace pointer, the program 
counter, and the status register- Also included within the concept 
of context switching is the act of savi ng the fi rst program s environ- 
ment so that it can be restored at some later point in time. 



Usage 

Context switching can be employed to allow each program module 
to have its own set of registers; a program does not have to share 
its registers with another program. This is especially important 
with an interrupt service program. The interrupt service program 
is not required to save the interrupted program's registers and 
therefore can have a faster interrupt response time. 



Context Switch Initiators 

Regardless of whether hardware or software initiates a context 
switch, the TMS 9980A processor must have the address of the new 
program to which it will switch and the address of the working 
registers for that program. With every context switch, a two-word 
vector is used to identify these two addresses. Also, with every 
context switch, the TMS 9980A processor saves the old program s 
environment in the new workspace area. 
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tfardware-Initiated Context Switch . To better understand the 
common elements ln a context switch, consider a hardware-initiated 
context switch. A system' s hardware may include external interrupts; 
that is, events outside the processor that request the immediate 
attention of the processor. (The concept of interrupts, vectored 
interrupts, and priority interrupts are discussed in earlier chap- 
ters.) The 9900 family of processors, employs prioritized, vectored 
interrupts. The processor is capable of receiving a number of inter- 
rupts. Each interrupt is assigned a specific code which serves 
to identify the interrupt as well as to assign it a relative priority 
in relation to other interrupts. Specifically, the TMS 9980A im- 
plements six levels of interrupts (RESET, LOAD, and user levels 
1 through 4). RESET has the highest priority followed by LOAD and 
then user level 1 to level four (lowest priority). 

Refer to Figure 8-9. There are three input pins on the TMS 
9980A (ICO,ICl,and IC2) which identi fy the presence of an interrupt 
request and its code. The previous chapter di scusses the detail s of 
how this level code is generated by the hardware. The codes for 
these various levels are shown i n Fi gure 8-10. Notice that a^lthough 
there are eight possible values with these three lines (2^ = 8) 
only six interrupt levels are defined. One value (lUo) is used to 
indicate the "no interrupt" state. The values OOOo and OOlo have 
redundant functions; they both define the RESET interrupt. 

The TMS 9980A processor logic (microcode) uses these three 
input lines to recognize when an interrupt request is being made. 
If the code present on these input pins represents a level which 
is less than or equal to the value in the low order four bits 
of the status register, the interrupt request is granted and a 
context switch is made following the completion of the currently 
executing instruction and prior to fetching the next instruction. 

The low-order four bits of the status register are used to 
prevent interrupts of insufficient priority. These bits are auto- 
matically affected when an interrupt occurs and can also be changed 
under program control. 

The level represented by the three-bit code on the interrupt 
input lines is used by the processor to determine the location 
of the two-word vector for the interrupt context switch. Figure 
8-11 shows the memory map for the TMS 9980A interrupt vectors 
There is a pair of words (four bytes) associated with each vector! 
The first word of each pair contains the address of the workinq 
register set (that is, the value to be placed into the workspace 
pointer). The second word contains the address of the program 
to service the interrupt (that is, the value to be placed into 
the program counter). Each interrupt level (level zero or RESET 
levels 1 through 4, and LOAD) has its own unique address for its 
two-word vector. 

Consider the example of a level-two interrupt as depicted in 
Figure 8-12. Assume that program A is executing when the interrupt 
request occurs. Program A occupies an area of memory beginning 
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Figure 8-9. Interrupt Code Inputs to TMS 9980A 
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Figure 8-10. Interrupt Level Codes 
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Figure 8-11. Memory Map for TMS 9980A Interrupt Vectors 
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Figure 8-12. A Level-2 Interrupt Immediately 
Before a Context Switch 
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02C0 
an 



^L^^^""^^^ °^°°16- Program A's workspace regi ster begi ns at address 
J15. As the interrupt request is made, the program is executing 
instruction, and the program counter contains 024Aig (the address 
of the next instruction). After compi eti ng the current instruction 
and just before the next instruction is fetched from memory, the 
processor examines the code on lines ICO through IC2. If this code 
was III2. it would indicate no interrupt request was being made, 
and the processor would continue its normal 
quence. 



program execution se- 



appears on those lines. 



Assume, however, that the code lOOo 
The processor interprets thi s code as alevel"-two interrupt"request 
(see Figure 8-10). The processor compares this level to the value 
contained in bits 12 through 15 (the low-order four bits) of the 
status register. If the code on ICO through IC2 represents a 
level equal to or less than the value in the status register the 
processor performs a context switch. (Smaller numbers have priority 
over larger numbers.) 



In this example, suppose the 1 ow-order four bits of the status 
register contained the value OOllg (orS^c). A level-two interrupt 

ICl, and IC2) is less than 
granted. 



( represented 
3 



by the code 100- 



2 0" ICO, 
therefore, the interrupt request is 



The context switch is performed as depicted in Figure 8-13. 
The processor uses 1 ocations 0008, g and OOOAig as the two-word vector 
tor the level-two interrupt. The processor temporarily saves the 
current value in the workspace pointer (020015) i nternal ly and places 
in the workspace pointer the val ue found i n location OOO81 c (039Cia) 
Now with the workspace pointer set to the address of the new workspace 
area, the processor can save the interrupted program's environment 
icontext). The processor places the previous contents of the workspace 
pointer (0200^^) into working register 13 of the new (program B's) 
workspace area. The contents of the program coun"ter (024Aifi) are 
placed in working register 14 of the new workspace area and the 
contents of the status register are placed in working register 
15 of program B s workspace area. At this point, the interrupted 
program s environment has been saved in the last three registers 
of the new workspace area. 

The processor then completes the context switch by putting 
ontents of memory location OOOA^g (the second word of the 
-two vector) in the program counter (PC). (In this example, 
value IS 030O16.) Finally, the value in the low-order four 
of the status register is set to one (OOOU), which is one 
than the current interrupt level. The context switch is now 
ete, and the processor begins executi ng program B : a new program 
a new set of working registers. Figure 8-13 shows the new 
onment after the context switch is made. The low-order four 
of the status regi ster have been set to accept only interrupts 
vel 1, RESET or LOAD, and not levels 2, 3, or 4. 
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Figure 8-13. A Level-2 Interrupt Immediately 
After a Context Switch 
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15 one greater than the value in status bits 12 through 15.) Only 
three bits, not four, are required for the TMS 9980A, because only 
six levels of interrupt are available; however, four bits are used 
to provide compatibility with the 9900 microprocessor, which accepts 

16 levels of interrupt. 

Note that there is still the possibility for an interrupt of 
higher priority to interrupt the new interrupt level-two program. 



In such a case, another context switch (or a "nested" context switch) 
would be made using the two-word vector of the new interrupt level. 

It is possible through software to redefine this hardware prior- 
ity structure by redefining the four-bit i nterrupt-mask value in 
3its 12 through 15 of the status register. 



The question may arise: Although the old program environment 
has been saved, how is the context switch reversed? To reverse 
a context switch, the processor takes the value in working register 
15 andplaces It in the status register; the value in working register 

14 IS placed in the program counter, and the val ue i n working register 
13 IS placed in the workspace pointer. Thereby, the context switch 

15 reversed. There is a specific instruction in the TMS 9980A's 
instruction set (RTWP) which causes this to happen automatically. 

A hardware-initiated context switch has been discussed for the 
purpose of illustrating key elements in all context switches. The 
key elements include 

A two-word vector containing the address of the new 
^ workspace area and the address of the new program 
The old program s environment (the contents of the WP 
PC, and ST) just prior to the context switch which is 
saved in working registers 13, 14, and 15, of the new 
workspace area. 

. Software-Initiated Context Switch . It is also possible to 
initiate a context switch from software as well as fror hardware 
There are two instructions in the TMS 9980A's instruction set that 
allow a context switch to be initiated from software: 

° XOP 
*• BLWP. 

^YnD^^'^® first of the two instructions is the extended operation 
(XOP) instruction. The XOP instruction can be thought of as a 
interrupt. '"^^''''"^ because it functions somewhat like a hardware 

cornnH^! ^^^ instruction has two operands associated with it. The 

caned thrx"opV'nHir-'"H''''.-V- ^ll^r^' ° '^^°"9h 15. This numier 
\lV\V: ?np • <^°^e) Identifies the location of the two-word vector 

never for iKp^^nV'^"' 'V' T'"' ^'^ ^^ ^^°"9^^ °^ ^^ the 
level for the XOP, as a level is used to identify a hardware 
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interrupt. Each XOP code has a two-word vector at a specifically 
defined memory location. 



Figure 8-14 shows the memory map of the two-word ve 
an XOP i'nstruction located from memory address 0040, g {XOP 
through memory address 007F^g. Whenever an XOP instr 
executed, the processor uses the code associated with th 
struction to identify the location of the vector for 
The processor uses the first word of the vector as th 
of the new workspace area (the value to be placed in the 
pointer) and the second word as the address of the ne 
(the value to be placed in the program counter) . The previous 
envi ronment i s saved i n the last three regi sters of the new 
area and in the same order as discussed with the hardware- 
context switch. 
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There are some functional di fferences between an i nterrupt con- 
text switch and an XOP context switch, however. First, there is 
no priority associated with XOP codes; that is, the code associated 
with a given XOP is used simply for the purpose of identifying 
the location of the vector for that XOP. The execution of the 
XOP does not affect the low-order bits in the status register, 
and the processor makes no priority distinction of one XOP code 
from another. 

Secondly, the XOP context switch causes one additional thing 
to happen that an interrupt context switch does not. With an XOP 
context switch, the processor causes a value defined by the first 
operand in the XOP instruction to be placed in working register 
11 of the new program's workspace area. This allows a parameter 
to be passed to the called program from the calling program. For 
example, if a program called by an XOP sorted data numerically, 
the first operand could be the address of the data to be sorted. 



Figure 8-15 is an example of a XOP context switch. 
2 instruction at location 0228ic causes a context switch 



m 



An 
to a 



XOP 
new 



program starting at location 0T2Ej^5. As a result of the 
switch, another set of working registers is assigned to 
program. The figure shows the contents of the WP , PC, 
immediately before and after the context switch. 



context 

the new 

and ST 



There is another instruction that can also invoke a context 
switch. It is the Branch and Load Workspace Poi nter (BLWP) instruc- 
tion. The BLWP context switch has the same general characteristics 
as the other context switching methods: it has a two-word vector 
associated with it which is used to identify the new workspace 
area and the new program; and it causes the workspace pointer, 
program counter, and status register to be saved in the last three 
registers of the new ■ workspace area. The BLWP instruction has 
the unique characteristic, however, of al lowing the two-word vector 
to be defined anywhere in memory. The operand associated with the 
instruction is the address of the two-word vector. There is no 
level or code or any other vector-identifying operand. 



379 



MEMORY LOCATION 
0000 



0042 
0044 
0046 
0048 
004A 



007C 
007E 



XOP 



XOP 



XOP 1 



XOP 1 



XOP 2 



XOP 2 



XOP 15 



XOP 15 



WP 



PC 



WP 



PC 



WP 



PC 



WP 



PC 



XOP VECTOR 
XOP 1 VECTOR 
XOP 2 VECTOR 



) 



XOP 15 VECTOR 



Figure 8-14. Memory Map for the XOP Vectors 
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BEFORE 
CONTEXT SWITCH 



WP 
PC 
ST 











0200 










022C 










3000 








_ 



ax x£is\. 
CONTEXT SWITCH 



WP 
PC 
ST 







0360 








03 2E 








3000 









0040 
0042 

0048 
004A 

007C 
00 7E 

0228 

0242 

032E 

0360 

0376 
0378 
03 7A 
03 7C 
037E 

3FFC 
3FFE 



v////> 



/ / J J J J 
/ / / / / A 



0360 



03 2E 



V///// 



v////> 



7 



DT DATA 6 



'/////^ 



XOP @DT,2 
///// 



A 



QIM 



} 
) 
) 



XOP VECTOR 



XOP 2 VECTOR 



XOP 15 VECTOR 



RO 



0200 



022C 



3000 



7 



///// 



Z 




OLD 

PROGRAM 

ENVIRONMENT 



Figure 8-15. Example of an XOP 2 Context Switch 
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WP 



PC 



ST 



ST 



WA 



SB 



WB 



R13 
R14 
R15 



PROGRAM A 



PROGRAM B 



RTWP 



Figure 8-16. The RTWP Instruction Reverses a Context Switch 
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Both the XOP instruction and the BLWP instruction are described 
in detail in the next instruction subset. 

Returning from a Context Switch 

The return fron, a. context switch Is not complicated T^ 
i cciianrp of one i nstructi on , xhe Ke uur ri *» i um Ww. s^^k"-- ;- ■;""-■ •■■;_; • 
nstruction! causes a context switch to be reversed. This instruction 
can be used to return from a context switch or ginated by either 
hardware or software. The execution of the RTWP instruction causes 
the orocessor to place the contents of workspace register 15 in 
the status Agister, the contents of workspace register 14 in the 
oroaram counter, and the contents of workspace register 13 in the 
wS?ksDacrpoiVteV.Figure8-16 illustrates this. This action reverses 
a context swUch and returns control to the original program at 
the same point and with the same environment that exi sted immediately 
prior to the context switch. 

8.5 INSTRUCTION SUBSET 6 

At this point, the last subset of TMS9980A instructions are 
introduced. This will complete the description of the TMS 9980A s 
instruction set. 

The first is composed 




return from a context switch. 




and single instruction divide. 

The last qroup of instructions in the subset includes the 
execute (X),LImY,STWP, and STST i nstructions. The LIMI i nstructi on 
Ts used to Chang; the interrupt mask in the ^tatus register while 
the STWP and STST i nstructions permit the manipulation of the work- 
space pointer register and status register. 
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BRANCH AND LINK gL 



CODE: 


BL S 







RESULT: 


(PC) 
S 


^ 


(RID 
(PC) 



10 II 12 13 14 15 16 17 18 |9 |10|11|12|13| 14|15 
I I I I I I I I I I i I 



O68O16 10 10 10 10 10 II II 10 II io i fc i ' Re 



J _Sou^r£e_Memory R^ejfej^ence 

Length: 1 or 2 words 



10 II 12 13 K 15 16 17 18 19 |10|n |12 |13|14|15I 

STATUS 1 ~ — ' — |- 

REGISTER : J Not Affected | 

OPERATION: 



Transfer control to the source operand and save the address following the BL 
instruction in working register 11. 



NOTES: 



Used as a subroutine call. Causes a transfer of control to occur with return 
linkage. To return to the instruction following the BL subroutine call the 
subroutine can execute a branch indirect through register 11 (B *R11). 



Example: 



Calling Program Subroutine 
_ SR 



BL@SR 



B *R11 
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EXTENDED OPERATION 



XOP 



CODE: XOP S,C 



1 II 12 13 14 15 16 17 18 |9 |10|11|12|13|14|15 | 
I I I I I I I I I I 1 I I I I I I 



ZCOOifi 10 10 II 10 II II I 



'16 



I Tel 



RESULT: (AOig + 4x0 -^(WP) 
(42;6 + 4 X C) -P-{PC) 
(old WP) -^(new R13) 
(old PC) — ^(new R14) 
(old ST) —►{new R15) 
S —►(new RID 






Length: 1 or 2 words 



STATUS 
REGISTER: 



10 II 12 13 14 15 16 17 18 19 |10|11 1121131141151 



OPERATION; 



Perform 
between 
vector 
termi ne 
switch 



a context switch using a two-word vector located in an area of memory 
addresses OO4O15 and OO7F15 (inclusive). The address of the two-word 

is determined by C. C is multiplied by four and added to 40ig to de- 
the address of the first word of the two-word vector pair. A context 

is made using the contents of the first word of the two-word vector as 



the address of a new set of working registers and the contents of the second 
word as the address of the program to which a transfer of control is made. 
The current contents of theWP, PC, and ST when the XOP instruction is executed 
are stored "in"'reg'isters 13^ 14 and 15, respectivefy, of the new set of working 
registers. In addition, the effective address of the source operand is placed 
in register 11 of the new workspace registers. 

NOTES: 



Can be used to simulate a hardware interrupt. 
Example: XOP @AB,3 

A context switch is made using the contents of location 004C|5 
as the address of the new working registers set and the contents 
of 004Eig as the address of the program to which control is 
transferred. The address of the current workspace, the address 
following the instruction and the contents of the status register 
are savedin working registers 13, 14, and 15of the new working 
registers set. The address of ABis placed in working register 
11 of the new workspace area. 

Instruction Summary 8-2 
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BRANCH AND LOAD WORKSPACE POINTER 



BLWP 



CODE: BLWP S 



0400 



10 II 12 13 14 15 16 17 18 |9 |10|11|12|13 I14I15 
' I 1 I I I I I I I I I I I I I 



ifi 10 10 10 10 10 II 10 10 10 10 I T^ I R^ 



So£r£e_Mem£ry R.ejFe£e nc^ 
1 or 2 words 



RESULT: 


(S) 

(S + 2) 

(old WP) 

(old PC) 

(old ST) 

10 11 


2 13 


(WP) 
(PC) 
(new 
(new 
(new 

14 15 


R13) 
R14) 
R15) 

16 17 


18 


19 


I10I11I12I13I14I15I 


STATUS 
REGISTER: 


1 
1 






Not At 


■fee 


ted 


1 
1 


OPERATION 


_: 




1 









Perform a context switch using a two-word vector determined by the source op- 
erand. The source operand determines the address of the first word of the 
two-word vector. A context switch is made using the contents of the first 
word of the two-word vector as the address of a new set of working registers 
and the contents of the second word as the address of the program to which a 
i[! "d.ud °^, control is made. The current contents of the WP, PC and ST when 
the BLWP instruction is executed are stored in registers 13, 14, and 15, respec- 
tively, of the new set of working registers. . h ^ 

NOTES: 

?n"tK! il^S^ ^° perform a context switch using a two-word vector defined anywhere 
in the memory address space. 

Example: BLWP ©ZQ 
A context switch is made using the contents of ZQ as the address for a 
new set of working registers and the contents of location ZQ + 2 as 
the address of the program to which a transfer of control is made. 



Calling Program 
BLWP @ZQ 



ZQ 



DATA >320 
DATA >35C 



Called Program 
>3I(] ^T^ 



R15 



>35C 



RTWP 



Instruction - Summary 8-3 



386 



RETURN WITH WORKSPACE POINTER 



RTWP 



CODE: RTWP 



RESULT: {R13) 

(R14) 

(R15) 



10 U 12 13 14 15 16 17 18 19 |10|11|12|13|14|15 
I 1 1 1 1 I I I I 1 I I' ' 
038016 10 10 10 10 10 U U U I0 10 10 10 10 IQ 10 



Length: i word 



•(WP) 
•(PC) 
.(ST) 



10 11 12 13 14 15 16 17 18 19 110111112 1131141151 

STATUS 1 1 I I ! I I I 
REGISTER: 1L>IA>1EQ1C lOVlOPlX 1 



I01I11I21I31 



OPERATION : 

Rpvprses a context switch. The contents of the workspace pointer, program 
counter and status register are replaced by the contents of working regis- 
ters 13* 14, and 15, respectively, of the current workspace area. 



NOTES: 

The RTWP is normally used to return to the program environment existing before 

a context IwU^ caused by an interrupt or by execution of an XOP or BLWP in- 

struction. 



Example: 

Calling program 
Rl WP @TK 


Called program 
0200 RO 






• 




• 

021E 






^ 2A4i6 


• 






• 
• 


TK DATA >0200 
DATA >02A4 






RTWP 
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MULTIPLY 



MPY 



CODE: MPY S,R 



10 II 12 13 14 15 16 17 18 |9 |10|11|12|13 I14I15 
! I I I I I I I I I I I I I I I 



3800^^ 10 10 II II II 10 I 



I Tc I 



J S^o i[r£e_Memo r^ ^^L^IPI}9± 

Length : 1 or 2 words 
RESULT : (S)-(R) — ^{R and R + 1) 

10 11 12 13 14 15 16 17 18 19 |10|11|12|13|U I15I 

— __^ 

I Not Affected I 



STATUS 
REGISTER: 



OPERATION : 

Multiply the 16-bit contents of the source operand by the 16-bit contents of 
the destination register. The 32-bit result is placed in the destination reg- 
ister and the register following it. The most-significant 16 bits of the 32- 
bit result are placed in the destination register and the least-significant 16 
bits are placed in the register following the destination register. If register 
15 is the destination register, the least-significant 16 bits of the result are 
placed in the word following register 15. The 16-bit multiplier, 16-bit multi- 
plicand and 32-bit product are treated as unsigned values. 



NOTES: 



Used to perform a multiplication of absolute quantities, 



Example: MPY @6R,R7 
Causes the 16-b1t quantity at location GR to be multiplied by the 16- 
bit quantity in register 7. The 32-b1t result is placed in register 
pair 7 and 8 with register 7 containing the most-significant 16 bits. 



Before< 



After 



f Multiplicand 


product 
product 


GR 

R7 
R8 

GR 

R7 
R8 


1 >0009 1 






Multiplier 


>0004 


L. 








r Multiplicand 


>06o9 ] 


Most-significant word of 


>0000 


Least-significant word of 


>0024 
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DIVIDE 



DIV 



10 II 12 13 1 4 15 16 17 18 |9 110|11112|13|14|15| 
I I I I I I 1 1 I I I I I I I I f 



CODE: DIV S,R 



SCOOifi 10 10 II II II II I 



'16 



R 



I Tc I 



RESULT: (R and R + 1)/{S) 



SowrceJ'imor^ K"S fe renc e^ 

Length : 1 or 2 words 
(R) Quotient and (R + 1) Remainder 



"T 



10 II 12 13 14 15 16 17 18 |9 |10|11|12|13|14|15| 



lOVl 



STATUS 
REGISTER : 

OPERATION : 

Divide the source operand into the destination operand. The source operand is 
a 16-bit absolute (unsigned) quantity. The destination operand is a 32-bit 
absolute (unsigned) quantity in a register pair. The register specified as 
the destination operand in the instruction is the first register of the pair. 
The second register is R + 1. The first register of the pair contains the 
most-significant 16 bits of the dividend and the second register contains the 
least-significant 16 bits. After execution of the instruction, a 16-bit quo- 
tient lies in the destination register (R) and a 16-bit remainder inR+1. Before 
the division takes place, the 16-bit source operand is compared to the 16-bit 
value in R. If the source operand is less than or equal to the value in R, 
the quotient would exceed 16 bits, in which case, the overflow status bit is 
set and the division is not performed. 

NOTES: 

Used to perform a division of absolute quantities. 

Example: DIV (3FT,R5 ^. .^ . • 

The instruction causes the 16 bit value in location FT to be divided in- 
to the 32-bit value in registers 5 and 6. Following the instruction, 
the 16-bit quotient is in register 5 and a 16-bit remainder in register 6. 



Before 




Divisor 



FT 



Most-significant word of product 
Least-significant word of product 



After 



Divisor 

Quotient 
Remainder 



FT 





>0003 1 






R5 


0000 


R6 


>00i!b 








>ooo:i 1 






R5 


>000C 


R6 


>000i> 
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EXECUTE 



10 II 12 13 14 15 16 17 18 19 |10|11|12I13I14|15 
I I I !! I I I I I I I I I I I 



^02i: X S 0480^5 |0 |0 |0 |0 |0 |l |Q |o |i |o | j. I R 



J lo L[rc e_Memo r^ R.ele£e nc£ ^^ 

Length : 1 or 2 words 
RESULT: Execute the Instruction indicated by the source operand 

cr...,. 10 II 12 13 14 15 16 17 18 19 |10|11|12|13|14I15I 
STATUS I ~ — r 

REGISTER : J None Directly (See Operation) | 

OPERATION : 

Execute the instruction specified by the source operand. If the instruction 
specified is a two- or three-word instruction, the word or words following the 
execute instruction are used. The execute instruction itself does not affect 
the status register, but the specified instruction affects the status bits 
normally. If the executed instruction is a branch, the transfer of control 
IS made. If the executed instruction is a jump and a transfer of control 
IS made, the jump is made relative to the location of the execute instruction. 



NOTES: 

Example: 

The instruction X @GB where location GB contains A RO, Rl causes the 
instruction at GB to be executed and control is returned to the instruc- 
tion following the execute instruction. 

• 

X ®GB ^ GB A RO.Rl 

■ I 
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LOAD INTERRUPT MASK IMMEDIATE JJML 



CODE: LIMI lOP OSOO^g 



II 12 1 3 14 15 16 17 18 |9 |10|11|12|13|14|15| 

I I 1 1 I I 1 1 I I I 1 I 1 I I 

10 10 10 10 10 11 II 10 10 10 10 10 10 10 10 1 



lOP 



Length : 2 words 
RESULT : IOP12.15 — ► ^ST)i2-i5 





10 

1 
1 


11 


12 


13 


14 


15 


16 


17 


18 


19 


110I11I12I13I14I15I 


STATUS 
REGISTER: 














1 1 1 1 1 
1I0II1II2II3I 


OPERATION: 

























The four least-significant bits of lOP are copied into the four least-significant 
bits of the status register. These four bits constitute the interrupt mask. 



NOTES: 



Used to set the interrupt mask which determines the levels of interrupt to be 
allowed. 

Example: 

A LIMI 2 instruction would allow only interrupt levels 0, 1, and 2 to 
be made, but not lower levels. The specified value in the instruction 
indicates the lowest priority level of interrupt to be allowed. Notice 
that a level interrupt cannot be masked off. 
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STORE WORKSPACE POINTER STWP 



10 II 12 13 14 15 16 17 18 |9 |10|11|12|13|14|15| 

I I I I i I I I I I I I I I I I I 

CODE ; STWP R OZAO^g |0 |0 |0 |0 |0 |0 |1 |0 |1 |0 |1 |0 | R , I 

Length ; 1 word 
RESULT: (WP) — ► (R) 



10 II 12 13 14 15 16 17 18 |9 |10|11 |12|13|14|15| 

STATUS 1 r 

REGISTER; | Not Affected I 



OPERATION : 

The address in the workspace pointer is copied into the specified working 
register. 



NOTES : 

Used to store the contents of the workspace pointer. 
Example: 

STWP R8 STORE (WP) IN REG 8 
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STORE STATUS STST 



10 II 12 13 14 15 16 17 18 |9 |10|11|12|13|14|15| 

I I I I I I I I I I I I i I I I I 

CODE : STST R OZCO^g |0 |0 |Q |0 |0 |0 |1 |0 |1 |1 |0 |0 | R | 

Length : 1 word 
RESULT: (ST) — ►(R) 



10 II 12 13 14 15 16 17 18 |9 |10|11|12|13|14|15| 

STATUS 1 r 

REGISTER: I Not Affected I 



OPERATION : 

The contents of the status register are copied into the specified working 
register. 



NOTES: 

Used to store the contents of the status register. 
Example: 

STST R4 STORE (ST) IN REG 4 
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8.6 DEFINING AN XOP 

With an understanding of the XOP instruction, a discussion 
is in order to see how the instruction can be employed to take 
advantage of functions resident in the UNIBUG monitor. 

The UNIBUG firmware monitor controls the operator interface 
with the University Board through the terminal and display. The 
operator can "speak" to the monitor through the keyboard inputs, 
and the monitor can speak to the operator through the terminal 
d i s p 1 ay . 

The UNIBUG monitor has the capability to read characters and 
display characters. These are functions which may be useful or 
required in user-written programs. The programs to do these functions 
could be written by the user, but they are already resident in 
the UNIBUG moni tor, and it is simpler to call upon UNIBUG to perform 
these functions. First, however, it is necessary to understand 
the "protocol" or procedure for calling the monitor to peform these 
"utility" functions. 

The user accesses the UNIBUG monitor via the XOP instruction. 
Recall that there are two operands with an XOP instruction. If 
an XOP is used to call UNIBUG, the second operand (the XOP number) 
defines to the monitor what function is to be performed, and the 
first operand defines the data to be included in the operation. 

Figure 8-17 shows the relationship between a user program and 
the UNIBUG monitor. 

The user program cal 1 s the UNIBUG monitor to perform a function 
by executing an XOP instruction. A context switch is made to the 
subroutine in the monitor where the function is performed. The 
subroutine performs the requested function and then executes an 
RTWP instruction to return control to the user program. 

When calling the monitor, the second operand defines the function 
to be performed. Each XOP number is associated with a given func- 
tion. The first operand identifies to the subroutine in the monitor 
the location of the data, where the data is to be placed, or other 
information. Any of the five general addressing modes can be employed 
for the first operand. It is often convenient, however, to use 
register addressing because most of the functions require only a 
limited amount of data which can be contained in a register. 

8.7 USER ACCESSIBLE UTILITIES (UNIBUG Firmware) 

Consider now the functions that are available within the UNIBUG 
monitor and the details for invoking these functions. 



394 



0040 
0042 



007C 
007E 



XOP (WP) 

XOP (PC) 

• 

• 

XOP 15 (WpT 

XOP 15 (PC) 



USER PROGRAM 



XOP R5,9 



RTWP 



UNIBUG 
MONITOR 



Figure 8-17. User Interface to the UNIBUG Monitor 
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Summary of Utility Functions 

In summary, these are the functions available with the UNIBUG 
moni tor: 

XOP 8 Write one hexadecimal character to the term- 
inal. 

XOP 9 Read a hexadecimal word from the terminal. 

XOP 10 Write four hexadecimal characters to the 
termi nal . 

XOP 11 Echo a character received from the keyboard 
to the display. 

XOP 12 Write a character to the terminal. 

XOP 13 Read a character from the terminal. 

XOP 14 Write a message to the terminal. 

The functions that are used to output to the on-board display 
(XOP 8, XOP 10, and XOP 14) must be followed by an input function 
in order to turn on the display. 

The following section describes the details of interfacing to 
the UNIBUG monitor using these XOP's. 

XOP 8 - Write One Hexadecimal Character to the Terminal 



XOP 8 allows a user program to write a hexadecimal character 
to the display. 

The format of this monitor call is: 

XOP S,8 

S, or the source operand, can be a register, a symbolic address, 
or can be referenced using any one of the five general addressing 
modes. The hexadecimal value to be displayed is contained in the 
least-significant four bits of the source operand. Notice that 
the monitor converts this four-bit hexadecimal value into an ASCII 
character representation before displaying it. 

The general format is the same for all the monitor calls. 
The source operand points to the data, and the second operand (XOP 
number) defines the function to be performed. 

As an example, suppose the operator wants a hexadecimal F to 
show on the terminal's display. This can be accomolished with 
the fol 1 owing XOP. 
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XOP 
XOP 



@FL,8 DISPLAY "F" 
R0,13 ACTIVATE DISPLAY 



AND RECEIVE CHAR 



FL DATA >000F 



^OP 9 - Read a Hexadecimal Word from the Terminal 



four hexadecimal digits to be read from 
a valid terminating character. A valid 
a carriage return, space, or comma 



Two 



XOP 9 allows up to 
the keyboard followed by 

terminating character is . . .^ 

words follow the XOP 9. The first work defines the address where 
control is transferred if no characters are entered (other than 
a valid ternii nai ng character) . The second word defines where control 
is transferred if something other than a hex digit or a valid term- 
inating character i s entered. Normal ly , control is returned byUNIBUG 
to the instruction following these two words. 

The following is an example of the structure of a monitor call 
read a hexadecimal word. 



to 



XOP @HW,9 occupies 

DATA NL occupies 

DATA ER occupies 

<next instruction> occupies 



locations OSZOic and 0322 



location 0324 
location 0326 
location 0328 



16 



16 
16 
16 



HW DATA 
DATA 

When the Xur i nsuruv, u i wii 
entered on the keyboard prior 
placed in the word labeled HW. 

The terminating character 
next word. Program control is 



to the 



the last four hex digits 
terminating character are 



is placed in the left byte of the 
returned by UNIBUG to the address 



of the instruction following the XOP call (location 0328i6)- 

Recall from the explanation of the UNIBUG monitor or from 
direct experience that when entering a hexadecimal word (four digit) 
value on the keyboard, any number of hexadecimal digits can be 
entered but the monitor retains only the last four digits prior 
to the terminating character. If less than four digits are entered, 
leading zeroes are returned. 

If the XOP call in the example had been made and the operator 
simply entered a valid terminating character but no hex digits, 
UNIBUG would have returned control to the address contained in 
the word immediately following the XOP call. In this example, 
control would have gone to location NL. If the XOP call had been 
made and something other than a valid hex digit or terminating 
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MEMORY 
LOCATIONS 
0320 
0322 
0324 
0326 
0328 



XOP aHW.9 

DATA NL 
DATA ER 



HW 



50C3 
ODOO 



Figure 8-18. Results of an XOP 9 Monitor Call 
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character had been entered, UNIBUG would have returned control to 
the address contained in the second word f ol 1 owi ng the XOP instruc- 
tiqn. In this example, control would have gone to location ER. 

Fiaure 8-18 shows the results of an XOP 9 monitor call where 
the operator entered 5.0, C, and 3 followed by a carriage return. 
Notice that the monitor converts the ASCII representation of the 
Noxice wnav, u^^^^ «„ +i,« u^v/KnarH intn a four-bit binary value, 
nex aigiT'S eFiLcrcu un unc ivv.ji^w%*. >* ...^~ ~ ■ -- 



XOP 10 



Write Four Hexadecimal Characters to the Terminal 



XOP 10 allows four hexadecimal digits to be written to ^"^e 
display. For example, assume register9 contains the value lADJ^g. 
The following instruction 



XOP R9,10 

Xf\r\ nr\ 1 O 



DISPLAY THE HEXADECIMAL DIGIT IN R9 
ArTTUATF nT<:Pi av AMD RFCFIVECHAR 



would cause the characters 1,A,D, and 3 to appear on the display. 

Notice the monitor subroutines must fi rst convert each four-bit 
hex digit into ASCII character representation before displaying it. 



XOP 11 - Ec 



ho a Character Received from the Keyboard to the Display 



XOP 11 causes an ASCII character 
be automatically "echoed" or displayed. 



read from the keyboard to 



u a u 3 c: o 



For example, the XOP instruction in the program shown below 
chay-acters to be read from a keyboard and automatically 
displayed." ThV program saves the characters in a buffer. As each 
character is entered, it is examined to see if it is a period. If 
so, program control is transferred to location FN. 

PUT BUFFER ADRS IN R7 

READ AND ECHO A CHAR 

IS IT A PERIOD? 

YES 

NO - UPDATE BUFFER ADRS 

GO READ ANOTHER CHAR 





LI 


R7,BF 


RD 


XOP 


*R7,11 




CB 


*R7,§PE 




JEQ 


FN 




INCT 


R7 




JMP 


RD 



the value ZE^g (ASCII 
of the received 



code for 
character 



PE is a byte address containing 
period). The program assumes the parity 

to be reset (0). (If the parity of the received character was 
unknown, it would be necessary to precede the CB instruction 
instruction to force the parity bit to ZERO. For example. 



an 



SZCB @PM,*R7 could be used, where byte location PM 



wi th 

a 

contai ns 80i fi. ) 



'16 
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XOP 12 - Write a Character to the Terminal 



XOP 12 causes a character- to be written to the display (or 
terminal). Suppose the left byte of register contains the value 
^Di6. 

The sequence of instructions 

XOP R0,12 DISPLAY THE CHAR IN RO 

XOP Rl,13 ACTIVATE DISPLAY AND RECEIVE CHAR 

would cause the ASCII character M to be displayed. 

XOP 13 - Read a Character from the Terminal 

Conversely, XOP 13 causes a character to be read from the 
cassette. For example, an XOP @IN,13 instruction would cause a 
character received from the keyboard to be placed in byte address 
IN. 

XOP 14 - Write a Message to the Terminal 

XOP level 14 causes a string of characters (a message) to 
be written from a program to the display. The source operand in 
the XOP instruction points to the byte address of the first character. 
The monitor outputs the first character followed by the character 
at the subsequent byte address followed by the next character and 
so forth until it encounters a byte containing the value 0. A 
zero byte terminates the message output and causes a return to be 
made to the instruction following the XOP call. 

..^Tw^'S'" example, the following program would cause the message 
ACTIVATE to appear on the display. 

XOP @MS,14 DISPLAY PROMPTING MESSAGE 

XOP R0,13 AWAIT ACKNOWLEDGMENT 



MS TEXT 'ACTIVATE' 

The following program example illustrates the use of several 
of these UNIBUG functions. 

8.8 PROGRAM EXAMPLE: MORSE CODE TRANSLATOR 

Program Description 

This program example il lustrates how programs can be structured 
in modular pieces, including subroutines. The main program (described 



here) accepts an input character from a keyboard, translates the 
character into Morse code, and "transmits" the Morse code on the 
TM 990/189 speaker. 

The cycle generator program (the program example in Chapter 
6) is used to drive the speaker. It is modified to make it a sub- 
routine. 

The main program uses a UNIBUG monitor call to read the character 
input on the keyboard by the operator. The character is checked 
to ensure that it is alphabetic. Should the character be nonalpha- 
betic the message INVALID will be displayed on the terminal. Other- 
wise, the character will be translated into Morse code using a 
"table look-up" technique. 

The alphabetic characters A through Z have sequential values 
from 413^6 through SA^^. This arrangement allows a simple check 
to be maae to determine that an input 
ensuring 



e alnhaha+ir hv 

Vhat'the received value is in the range 41i6 through 5A15 



If the character is alphabetic, its ASCII code value can be 
converted into a relative value (fromA) easily by subtract! ng 41i 5. 
The resulting relative value maybe used as an "index into a table 
of Morse code characters. 

The look-up table is structured so that each word in the table 
corresponds with an ASCII alphabetic character.' The first word 
in the table is the Morse code for an A. The second word is 
the Morse code for a B, and, finally, the last word in the table 
is the Morse code for a Z. 



index into 



an 



The relative value of each ASCII alphabetic character is an 
the table. For example, an ASCII character A has the 
Tf 41,- is subtracted from the value, the result is 
wVich^indicates the first entry in the conversion 



index of 



zero. 



tabl e. 
for B) , 
entry in 

Eac 
value pr 
into the 
contai ns 
code is 
is a dot 
by a bin 
di gi t. 
s i g n i f i c 
bit and 
to be ma 
and chec 
dot or d 



Likewise, by subtracting 41i6 from 42^6 ^^^® ^^^^^ s^^mq 
an index of one is produced which points to the second 
the table, and so on. 

h entry in the table is one word long. (Therefore, the index 

oduced above must be doubled to derive a relative address 

look-up table.) The low-order (left) byte in the word 

the Morse code for a character. Each character in Morse 

composed of long and short "elements." A short element 
. A long element is a dash. In a byte, a dot is represented 
ary ZERO digit, and a dash is represented by a binary ONE 

The first element of the Morse character is the least- 
ant bit. The second element is the next least-significant 

so forth. This structure allows an easy identification 
de of each element by performing a one-bit right shift 
king the resulting carry state to determine if it is a 
ash. 
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The value in the left byte of each word of the look-up table 
indicates the number of Morse code elements in the character. There 
is a maximum of four elements for the alphabetic characters, so 
that all the character transl ation information could have been con- 
tained in one byte. However, this type of table structure eases 
the programming task somewhat. 

If an operator inputs a carriage return, this indicates to 
the program that the operator is finished, and a return is made 
to the UNIBUG monitor. 



Program Design 

Figure 8-19 is a flowchart of the program. Figure 8-20 is 
a listing of the program. Refer to the listing for the following 
discussion. 

The EQU statement labeled MN identifies to this program the 
address of the UNIBUG entry point. Since this program will utilize 
the cycle generator program from Chapter 6 as a subroutine, the 
program must also have identified to it the address of the cycle 
generator program. This is accomplished with the EQU statement 
labeled WC. There is a second entry point into the cycle generator, 
Dl, that also needs to be identified. This is done with the EQU 
statement labeled Dl. (Refer to the Program Example in Chapter 6.) 

The orogram is originated at location O28O15 (with an AORG 
statement). By beginning at this location, the program can reside 
in memory along with the cycle generator subroutine without memory- 
location confl ict since the cycle generator program occupies memory 
locations 200^g to 24Ai5. 

The workspace pointer is set at location 2A0i6 and the CRU 
software base address is set in register 12 at location 20C^5. 

These same two steps are taken in the cycle generator program, 
but because this program is the main program and gets control first 
when execution begins, these two functions are done here in the 
main program rather than in the cycle generator subroutine. 

At locations 2A8ig and 2AC15, >^egi sters and 1 are initialized 
to a value of ten. These values are passed to the cycle generator 
subroutine to cause a 1-kHz tone to be produced when the Morse 
characters are transmitted. 

At locations 280^5 (labeled AA) and 2B215, register 6 is cleared 
and XOP level 11 is used to make a monitor subroutine call to 
read and echo a character from the keyboard. 

When a character is entered, UNIBUG returns control to the 
instruction at location 2B4ig with the received character in the 
left byte of register 6. 
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(start J 



INIT WP 

SET CRU 
BASE ADRS 



INIT FOR 1 
KHz TONE 



READ CHAR 
FROM TERMINAL 




FORM INDEX TO 

CORRESPONDING 

MORSE CHAR 



PRINT ERROR 
MESSAGE 



GET HORSE 

CHAR AND 

ELEMENT COUNT 



/lETuiTroN 

V MONITOR J 




ADD DELAY 

TIME FOR 

DASH 



ADD DELAY 
TIME 



SEND ELEMENT 







Figure 8-19. Morse Code Program Flowchart 
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PAGE 0002 



0001 
0002 
0003 
0004 
0005 
0006 
0007 
0008 
0009 
0010 
0011 
0012 
0013 
0014 
0015 
0016 
0017 
0018 
0019 
0020 

0021 

0022 

0023 

0024 
0025 
0026 

0027 

0028 
0029 

0030 
0031 
0032 

0033 
0034 

0035 
0036 
0037 
0038 
0039 
0040 

0041 

0042 

0043 

0044 

0045 



0280 

0280 

02A0 

02A2 

02A4 

02A6 

02A8 

02AA 

02AC 

02AE 

02B0 

02B2 

02B4 

02B6 

02BS 

02BA 

02BC 

02BE 

02C0 

02C2 

02C4 

02C6 

02C8 

02CA 

02CC 

02CE 

02D0 

02D2 

02D4 

02D6 

02D8 

02DA 

02DC 

02DE 

02E0 

02E2 

02E4 

02E6 

02E8 

02EA 

02EC 

02EE 

02F0 



31C2 
0228 
0236 



02E0 
0280 
020C 
043C 
0200 
OOOA 
0201 
OOOA 
04C6 
2EC6 
9806 
9806 
9806 
0308 

HID 

9806 

030A 

151D 

06C6 

0226 

FFBF 

0A16 

C1E6 

031A 

C1S7 

0986 

04C2 

0917 

1702 

0222 

029B 

0222 

014D 

06A0 

0228 

0204 

lAOA 

0202 

0001 

06A0 

0236 



# 

MN 

WC 

Dl 

» 

MS 
ST 



INPUTS: 

CHARACTERS RECEIVED FROM KEYBOARD 

OUTPUTS: 

TIMING VALUES FOR WAVE CYCLE SUBROUTINE 

REGS. USED 

RO - CYCLE "ON" TIME FOR WAVE CYCLE SUBROUTINE 

Rl - CYCLE "OFF" TIME FOR WAVE CYCLE SUBROUTINE 

R2 - LENGTH OF TONE COUNTER 

R4 - DELAY COUNT FOLLOWING EACH ELEMENT 

R6 - ELEMENT COUNT FOR MORSE CODE CHARACTER 

R7 - HOLDS MORSE CODE CHARACTER 

R12 - BASE CRU ADRS FOR OUTPUT DEVICE 

ADDRESS EQUATES 

EQU >3000 MONITOR ENTRY ADRS 

EQU >0228 ADRS OF "WC" IN WAVE CYCLE PGM 

EQU >0236 ADRS OF "Dl" IN WAVE CYCLE PGM 



AA 



BB 



DT 



ADRG >0280 
BSS 32 
LWPI WS 



LI 
LI 
LI 



R12, >43C 
RO, 10 
Rl, 10 



CLR R6 
XOP R6, 11 
SZCB R6, ePM 



CB 



JLT 
CB 



R6, fiA 
CC 

R6, ez 



JGT ER 
SWPB R6 
A I R6, >FFBF 



WORKSPACE AREA 
INIT WP 

SET ADRS OF SPEAKER IN R12 

SET UP RO AND Rl FOR 

1 KHZ TONE 

CLEAR BOTH BYTES OF R6 
READ A CHAR FROM TERMINAL 
FORCE PARITY BIT TO ZERO 

IS CHAR LESS THAN AN "A"? 

YES-NOT ALPHABETIC 

IS IT GREATER THAN A "Z"? 

YES-NOT A VALID CHAR 
FORM INDEX IN R6 
OFFBF = ->41) 



SLA R6, 1 

MOV eMT(R6),R7 GET MORSE CODE IN RIGHT BYTE 



MOV R7, R6 

SRL R6, 8 

CLR R2 

SRL R7, 1 

JNC DT 



AI 
AI 
BL 
LI 
LI 
BL 



R2, >29B 

R2, >14D 

dWC 

R4, >1A0A 

R2, 1 

SDl 



SET UP ELEMENT COUNT 

IN R6 

INIT CYCLE COUNT TO ZERO 

SHIFT NEXT ELEMENT TO CARRY 

SHORT OR LONG 

LONG 

SHORT 

GO TO WAVE CYCLE PGM 

>1A0A « 6666 

ONLY ONE TIME THRU LOOP 

GENERATE DELAY BETWEEN ELEMENTS 



Figure 8-20. Listing of Morse Code Program 



404 



SDSMAC 



3. 1 « 



10: 30: 30 FRIDAY, DEC 



1978. 



PAGE 0003 



0046 
0047 
004S 
0049 

0050 
0051 

0052 
0053 

0054 
0055 
0056 
0057 
0058 

0060 



02F2 
02F4 
02F6 
02F8 

rtocr A 
wcr n 

02FC 
02FE 
0300 
0302 
0304 
0306 



0606 

16EF 

lODC 

9806 CO 

030C 

1303 

2FA0 ER 

030E 

iOD6 

0460 EX 

3000 



DEC R6 

JNE BB 

JMP AA 

CB R6, @CR 

JEQ EX 

XOP ©MS, 14 

JMP AA 

B SMN 



* DATA CONSTANTS 



0061 

0062 

0063 

0064 

0065 

0066 

0067 

0068 

0069 

0070 

0071 

0072 

0073 

0074 

0075 

0076 

0077 

0078 

0079 

0080 

0081 

0082 

0083 

0084 



0308 
030A 
030G 
030E 
030F 
0310 
0311 
0312 
0313 
0314 
0315 
0316 
0318 



4100 A 
5A00 Z 
ODOO CR 

49 MS 

4E 

56 

41 

4C 

49 

44 

20 
0000 
8000 PM 



03iA 
031C 
031E 
0320 
0322 
0324 

0328 
032A 
032C 
032E 
0330 
0332 
0334 
0336 
0338 
033A 
033C 
033E 



0202 
0401 
0405 
0301 
0100 
0404 

0400 
0200 
04QE 
0305 
0402 
0203 
0201 
0307 
0406 
040B 
0302 
0300 



MT 



DATA >4100 
DATA >5A00 
DATA >0D00 
TEXT 'INVALID 



ELEMENTS REMAINING? 

YES 

NO-GO INPUT ANOTHER CHAR 

IS CHAR A CARRIAGE RETURN' 

YES-RETURN TO MONITOR 
OUTPUT AN ERROR MSG 

AND GO READ ANOTHER CHAR 
RETURN TO MONITOR 



ASCII CODE FOR "A" 
ASCII CODE FOR "Z" 
ASCII CODE FOR CARRIAGE RETURN 
ERROR MESSAGE 



DATA 
DATA >B000 



TERMINATOR FOR MESSAGE STRING 
PARITY MASK FOR ASCII CHARS 



ASCII-TO-MORSE TRANSLATION TABLE 



DATA 

DATA 

DATA 

DATA 

DATA 

DATA 

DATA 

DATA 

DATA 

DATA 

DATA 

DATA 

DATA 

DATA 

DATA 

DATA 

DATA 

DATA 

DATA 



>0202 

>0401 

>0405 

>0301 

>0100 

>0404 

>0303 

>0400 

>0200 

>040E 

:>0305 

>0402 

>0203 

>0201 

>0307 

>0406 

>040B 

>0302 

>0300 



A 

B 

C 

D 

E 

F 

G 

H 
I 
J 
K 
L 
M 
N 

P 
Q 
R 
S 



Figure 8-20 



Listing of Morse Code Program 
(Conti nued) 
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0085 


0340 


0101 


0086 


0342 


0304 


0087 


0344 


0408 


0088 


0346 


0306 


0089 


0348 


0409 


0090 


034A 


040D 


0091 


034C 


0403 


0092 






0093 




02A0 


NO ERRORS 





DATA 


>0101 


T 


DATA 


>0304 


U 


DATA 


>0408 


V 


DATA 


>0306 


w 


DATA 


>0409 


X 


DATA 


>040D 


Y 


DATA 


>0403 


Z 



END ST 



Figure 8-20. Listing of Morse Code Program 

(Concl uded) 
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The SZCB instruction at location 284^6 foi^ces the parity bit 
of the received character to ZERO. Only the parity bit is affected; 
all other bits in the ASCII character are unaffected. This is done 
because the comparison characters used to check for alphabetic entries 
assume a ZERO parity bit. 

The CB instruction at 1 ocation ZES^g i s the f i rst part of an edit 
check to verify the entered characters are alphabetic. If that 
comparison causes an ari thmetic-1 ess-than condition, control passes 
to location CC where the character is checked to determine if it 
is a carriage return. If so, control is returned to the monitor. 
Otherwise, the error message, INVALID is displayed by the XOP 14 
instruction at location ZFEj^g. 

If the received character is not less than the ASCII value 
of A, another check is made at location ZBEig by comparing the 
received character to a Z. If the ASCII vatue of the ^[^^^^^^ 
character is greater than the value of Z, this indicaues uhe c..ar- 
acter is not alphabetic and is not a carriage return; therefore, 
program control passes to location ER where the error message is 
displayed, and the program waits for another character to be entered. 

If the character is alphabetic, the SWPB instruction at location 
2C4i^ places the ASCII character value in the right byte of register 
6. TRen at location 2C6,g, a hexadecimal 41 is subtracted from 
the value to produce a relative value for the character. The SLA 
instruction at location 2Z^.c multiplies the resulting value by 
two to form an index value in registers to the word entries in the 
Morse code look-up table. 

Using this index value, the MOV instruction at location 200^5 
puts the table entry into register?. At location 2D0i6. the entry 
is copied to register 6. At location 2D2ig, the entry in register 
b ls sniTtea rigm; eignt uit iJuaiuiOna »« ui.«w ..«" w...^ — _._ ._^ 
count remains in register 6. At this point, the elements are right 
justified in register 7, with the first element in the least- 
significant-bit posi tion and registers contains the number of Morse 
code elements in the character. 

At location 2D4ifi, (labeled BB), register 2 is cleared in prep- 
aration for forming a delay count for the cycle generator sub- 
routine. The delay count is one of two val ues, dependi ng upon whether 
the element to be transmitted i s a dot or dash. A dash is three times 
as long as a dot. In this program, a dash is one second long; 
therefore, a dot is 333 milliseconds long. 

The current element is identified by right shi f ting the right- 
most bit of register 7 into the carry status bit H ocati on 206^) and 
then checking the state of the carry bit (location 208^5). if the 
carry bit isONE, this indicates the bit is a dash, and at location 

the zero value in register i. 



2DA 



■ry 
16 



the value 29Bi6 is added to 



by a 



This AI immediate instruction at location 2DA15 is 
second AI instruction at location 2DE (labeled DT 



fol lowed 
to form 
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the total delay count for a dash element. If the element had been 
a dot (indicated by a ZERO bit); the AI instruction at location 
would have been skipped and only the value 14Di^ would have 
register 2. 



2DAi. 
resuT ted 



1 n 



'16 



At location 2E2ig there are one of two values in register 2: 
either 14Dig (333io) or SES.g ^^^^16 + l^D^g = SESig = IOOOiq). The 
value in register 2 is the number of milliseconds duration for 
the tone: 333 milliseconds for a dot, 1000 milliseconds (1 second) 
for a dash. Recall that registers and 1 were both loaded with 
the value ten earlier {at locations 2A8i6 and 2ACi6) to establish a 
1-kHz tone for the cycle generator program. Tach cycle is one 
millisecond long so that the value inR2 determines the tone duration 
in mil 1 iseconds . 

At location 2E225 the BL instruction makes a subroutine call 
to the cycle generator program. 

The BL instruction transfers program control to the cycle gener- 
ator program and stores the address of the next instruction in 
this program in register 11 of the common workspace area. 

The cycle generator program must be modified to make it a 
subroutine by changing the B instruction at the program's exit 
point to a B *R11 instruction. This modification will cause a 
return to be made by the cycle generator subroutine to the address 
contained in register 11. 

With the above modification, the cycle generator program will 



return control to the LI instruction at location 2E6 



value lAOA^g is placed in register 4, and al is placed in registe 
d (location 2EA^g). Another subroutine call is made to the cycl 



generator program (location 2EE^g) 



r 

cycle 

at entry point Dl to cause a 

requires an 



333-mill isecond pause after each element. Morse code 
intermediate pause after each element in a character equivalent 
to the length of a dot. Notice that lAOAig equals 6666in. which 
will cause an off time in the cycle generator subroutine of 6,666 
50-microsecond periods (or 333 milliseconds). 

Following this delay , program control is returned by the cycle 
nerator subroutine to the DEC instruction at location 2F2ifi where the 
unt of elements in register 6 i s decremented by one. If the result 
of this decrement is zero, this indicates all elements have been 
sent, and the JMR instruction at location 2F6ifi transfers program 
control to location AA where another character is read from the 
keyboard. 



ge 

CO 



If the element count is still greater than zero, the JNE in- 
struction at location 2F4^g transfers program control to location 
BB where the next el ement in register? is analyzed and transmitted. 



Notice the TEXT assembler directive at location SOEi^ which 
causes the characters I, N. V, A, L, I, D, and "space" to be assembled 
into their ASCII character code at sequential byte addresses. The 
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zero value in the left byte of location Sie^c i s the message tenmnator 
for the X0P14 at location ZFEig which di spT ays the character stn ng. 
(This DATA directive at location 316. c is not real ly necessary with 
The N bIg a semblersince the TEXT d^'rective with the UNIBUG assem- 
bler automatically puts a zero byte after the last character.) 

The structure of the Morse code translation tabU beginning 
at location MT has been di scussed. By analyzing this tau.e, con.irm 
?Sat there are two elements, a dot followed by a dash in an A 
and that there are four elements in an F. two dots followed by 
a dash and another dot. 

There are other valid characters in the Morse code set besides 
alphabetic characters. .If it is J^sired for the pr^^^^^^^^^ 
cent other characters in addition to alphabetic characters, ixis 
necessary to add the characters to this table and to modify the 
validity checking portion of the program. 

Program Operation 

Assemble this program along with the cycle Senerator program 
(Remember to change the B instruction at the exit of the cycle 
generator program to a B *R11.) Set the program counter to the 
address of ST in this program and run it. Try entering on the 
keyboard both valid and'in'valid characters. The program can be 
terminated by entering a carriage return. 

8.9 SUMMARY 

The judicious use of subroutines promotes program "io«l"lf ^ij^^; 
The advantages of program modularity include memory economy , easier 
debugging, and increased flexibility. 

In this chapter, the structure of subroutines is discussed. 
Withthe9900 familyof microprocessors, subroutines can be struc^^ 
tured to have their own set of worki ng regi sters. The archi tecture 
Jf Ihe family allows a context switch to be made from one program 
Sith a set of working registers to another program with its own 
set of registers. Context switching can be made from software 
by using t3i specific instructions in the TMS 9980AS instruction 
set (BLWP and XOP) or as the result of an external interrupt from 
hardware. 

The final subset of the TMS 9980A's instruction set is intro- 
duced. This subset includes the single instruction multiply and 
single instruction divide. 

The subroutines within the UNIBUG monitor that are available 
to the user are described. These subroutines P^o^^ d%"^e^"; I""^" 
tions that are often needed in a user's program. Some of these 
functions are used in a program example. 
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The program example illustrates not only the UNIBUG monitor 
calls (which are made with an XOP context switch) but also the 
use of a subroutine (the cycle generator program) which is called 
without a context switch. 

8.10 EXERCISES 

1. How do subroutines relate to the concept of program modu- 
larity? r r 3 

2. Why is a return address important to a subroutine? 

3. Why is it important that a subroutine be restricted to a 
specific function? 



te 



4. What particular feature of the TMS 9980A's register archi- 
cture contributes to an improved interrupt response time? 

5. What two instructions in the 9900 microprocessor family's 
instruction set cause a context switch? How are these instructions 
alike? How are they different? 

6. What are the addresses of the two words used as a vector 
for a level-4 interrupt? 

7. Assume that the following memory locations contain the 
following values: 

Location (hexadecimal ) Contents (hexadecimal ) 



0000 


3240 


0002 


32C0 


0004 


1208 


0006 


35F0 


0008 


1706 


OOOA 


2CDE 


OOOC 


21EC 


OOOE 


3870 


0010 


14A2 


0012 


14E0 


0014 


0300 


0016 


0320 



Further assume that immediately before a level-3 interrupt context 
switch IS made, the TMS 9980A's internal registers contain the 
following values: 



(WP) = 024E 
(PC) = 047C 
(ST) = 1004 



What are the contents of these three internal registers immediately 
following the context switch? o^-oj 
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8. What memory 



locations would be used to save the contents of 



t\ie three internal registers a 



sa result of the above context switch? 



9. What binary value must appear on input lines ICO, ICl, 
IC2 to'request a level-3 interrupt? 



and 



1 n 



Consider the following sequence of instructions. 



BL @SR 
DATA AA 
DATA BB 
JMP ER 
JMP GD 



uv.-!+o a ^.ihroutine at beginning location SR to add together the 
twri6!bi\sTgVe"d%aVues 'passed' by the calling Program as a result 
:r/h. sHhVoutine call. Assume the two values are at addresses 
&; TnH rr" Vlace the result in working register u ana return 
control to the fourth word following the subroutine call instruction. 
If overflow occurs as a result of the addition, return control to 
the third word following the subroutine call. 

11 Modifv the above subroutine assuming the subroutine call 

c iho hv V BLWP instruction, rather than the BL instruction. 

R:Lrn'\he%\sulf i'wVrM^^^^^ of the calling program. 

What are the addresses of the two words used as a vector for 
11 instruction? 



12 
an XOP 

13. Assume 
tained the value 
would be the va 
XOP instruction? 



the low-order four bits of the status register con- 
j Difi immediately before an XOP 9 Instruction. What 
lue^ in these four bits immediately following the 



8.11 LAB EXPERIMENTS 

1 Modify the program example to output Morse code on an LED. 
rather'than the spea'ker. Recall that the CRU software base address 
for the rightmost user addressable LED is ^u^g. 

2. Modify the program example to accept additional characters 
besides alphabetic characters. 

3. Modify the program example to allow an operator to select the 

transmission r'ate. ' Use the UNIBUG -° "j^° ^j /,^J Ve a dt^ answer! 
operator for the desired transmission rate and to read ^hf /"swer. 
The transmission rate could be expressed as a relative speed on a 
sc!le of one to ten- or a selected rate of words per minute. 

In determining the rate, five characters ^^%^°"|;^f ^^^^i^Si ng 
a word. During the transmission, ^^^^/e, should be a space following 
each element equal to the dot time. Following each character, tnere 
should be a space equal to three dot times. A word should be 
followed by a space equal to seven dot times. 
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4. Modify the program example to send automatically a sequence 
of characters (such as a station identification) when a special 
key IS entered. ^ 

5. Modify the program example to accept a character from the 
terminal keyboard and display the Morse code representation for 
the character as a sting of ONE's and ZERO's. 

6. Modify the program example to use the TMS 9901 for timinq 
purposes rather than the cycle generator subroutine. 



7. 
a signed 
divide. 



Write a subroutine using the multiply i nstruction to perfo 
multiply. Write another subroutine to perform a sign 



rm 
ed 



8. Writea program util izi ng the UNIBUG moni tor callsto read a 
^^^^decimal digit from the keyboard and di spl ay the binary equi val ent 



9. Write a 



program to read a series of characters 



TM 990/189 terminal and echo each received character on the di spl ay . 
If a nonalphabetic character i s received, wri te themessage INVALID 
to the display and return control to the monitor. 



from the 

r 

D 



10. Write a program to accept a series of four-digit hexadecimal 
values from a keyboard. Convert each received hexadecimal value 
to decimal and display the converted value. Upon receiving a value 
terminated by a minus sign, return control 



to 



receiving a 
the monitor. 
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CHAPTER 9 
SOFTWARE ENGINEERING 



9.1 INTRODUCTION 

This chapter describes "software engineering," a term used to 
indicate that there are di sci pi i nes associated with the structuring 
of software just as there are disciplines associated with "hardware 
engi neeri ng. " 

One of the first steps toward successful software engineering 
is to determine which functions of an application are to be imple- 
mented in software rather than hardware. Factors affecting these 
hardware-versus-software decisions are of primary importance in pro- 

grammi ng. 

After the software functions have been determined, other soft- 
ware engineering disciplines which can increase development speed 
and reduce software errors i ncl ude top-down desi gn, structured pro- 
gramming, and modular programming. The basic principles of modular 
programming are described in the previous chapter. This concept 
includes dividing the application software into separate program 
functions, or modules. 

Once programs have been divided into functional modules, they 
must be developed and must ul timately resi de together in the system s 
memory. Methods that can be employed to link these modules together 
in memory are discussed. 

A system may employ i nterrupt-dri ven I/O. With the addition 
of interrupts to a microprocessor system, a new spectrum of con- 
siderations confronts the system desi gner. These considerations are 
discussed along with the concept of "real-time" system design and 
real-time operating systems. The concepts of real-time system soft- 
ware design are illustrated in a program example. 

9.2 HARDWARE/SOFTWARE TRADEOFFS 

A microprocessor system, like any computer system, is a com- 
bination of both software and hardware. A system is composed of 
many individual functions. The system designer often has a choice 
of implementing specific functions in hardware or in software. The 
choice of which functions to implement in hardware and which to 
implement in software is often dictated by cost/performance tradeoffs. 
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Generally, as a system's performance increases, so does its cost. 
Figure 9-1 illustrates this relationship. 



Cost/Performance Tradeoffs 

Many micropro,cessor-based designs represent products that are 
profit-oriented. These products must be designed toward the least 
cost possible, consistent with required performance. As a general 
rule. It IS often less expensive to implement functions i n software, 
but faster performance can be gained by implementing them in hard- 
ware . 

As a simple example of the decision flexibility a system de- 
signer may have, consider a cycle-generation function similar to 
the program example in Chapter 6. 

Suppose a system designer is given the task of generating 
a variable-tone generator for a microprocessor-based system. One 
approach might be "a hardware solution" illustrated in Figure 9-2. 

The system designer could use a hardware "black box" tone os- 
cillator to drive a speaker. The tone oscillator produces a vari- 
able tone according to an analog value presented to it. The tone 
oscillator can be turned on and off with a simple switch. 



This "hardware approach" would work well and might even b 
desirable if the frequency of the desired tone needed to be ver 



preci se. 



e 
ry 



A more cost-effective "software approach," as illustrated in 
Figure 9-3 could be used. With this approach, the speaker can 
be controlled by turning a simple transistor amplifier on and off . 
The software in the system's memory controls the amplifier. By 
controlling (through software) the time period that the amp! i fier 
IS on and off, the tone and its duration can be controlled. 



The software approach also reduces production cost of the system 
(tone oscillator and A/D converter are relatively expensive com- 
ponents). However, there could be a performance limitation to t 
software approach. For example, in the cycle generator progr 
fromChapter 6, 50 microseconds was the smallest half-cycle peri 



that could be requested. 



he 

am 

cycle period 

With this limitation, the highest tone 



that can be generated is 10 kHz. If it becomes necessary to produce 
tones of higher frequencies, it is then necessary to implement 



a hardware approach (or, possibly, to use 
processor) . 



mp 
a faster version of the 



Run-Time Speed Versus Development Speed 



When discussing performance, speed is the primary criterion 
of measurement. There are two different speeds to be considered 
however. There is, first, "run-time speed;" that is, how fast 
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COST 



PERFORMANCE 



Figure 9-1. System Cost versus Performance 
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Figure 9-2. "Hardware Approach" For Tone Generator 
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Figure 9-3. "Software Approach" For Tone Generator 
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urrentlv the majority of larger volume production systems 
eateS b^'use of 'assembly language. Memory^ com p^on^e^n^t^s are 

ing less expensive and high-level ' ang^^se ura.,:. .a... . a 
nq more efficient and easier to use in writing application 

ams- thSs the trend is for more application software to be 



C 
are cr 
becom 
becom 

progr , 

written in high-level language 



Flexibility 



b i 1 i ty IS 
approach . 



TnHpnpndPnt of the language chosen, however, maximum flexi- 
Ssuany gained by a's^oftware approach rather than a hardware 



Other Considerations 




to continue with the existing solution. 



9.3 STRUCTURING iMt 

Three software engineering methodologies 
important in terms of potential benefits to 
software are 

° Top-down design 

" Structured programming 

" Program modularity. 



that are especially 
the development of 



Top-Down Design 



a 

de: 

th( 

gei 

de 

these g< . . ^ . 

from the very general to the more specific. 
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Figure 9-4. A Block Diagram of a Top-Down Design 



c+.n.I design process is expressed as a block diagram with the 

structure showmn Figure 9-4. The top block describes 

application. The secondary blocks describe the 

included in the application, and the lower 

the specific program modules required by each of the functions. 



the overall 
general functions 
level blocks define 



There 



9 



here could be several 1 evel s of blocks (depending upon the compl 
f the application) and the design process continues until the 
ram blocks are broken down into manageable pieces. 



exi ty 
e pro- 



Advantages, 
vantages. 



The use of top-down design offers several ad- 



First, it establishes a framework for a structured systematic 
!SP:°?e!: ^owA^dboth developing and testing the software.^ As each 

T has 

been 
omp" 



anpruacn xowara ootn developing and testing the software. As 
rS^^w J^^K^^ developed and tested, the software designei 
rnmn?f/^'''*'w'iu ^° ""e^sure the portion of the task that has 
completed and the portion remaining to be completed. 




modules) has already been developed. 
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Third a top-down design promotes program modularity, which 
tends to allow the writing, testing, and integration of a system 
to be done in smaller, more manageable sections. The modules can 
th'en be written individually by members of a programming team. 

Fourth a top-down design makes it more likely that the i ndivi dual 
program modules can be tested and debugged in an appl i elation s^ ejivi r- 
onment; it is less likely that special programs w i . . neeu uu u^ 
developed to test the individual program modules. 

Studies indicate that top-down design can improve the pro- 
ductivity of software desi gners , and the resulting software is easier 
to debug and understand. 



Disadvantages. Like most things, however, top-down design 
has c ertain disadv antages. One disadvantage i sj:hat_the ^designer 
must often make important decisions regarding _t_he ^ujc.^a .^.^jjSwe.^ 

iderstand 

im modul es 

P' " — ■ 

are created. 



must often make important deci si ons regarai ng tne uvc a .. 
design earlier in the development stage. Sometimes these d* 
are made before enough information has been gained to un. 
what problems may be encountered once the specific program 



Sec 
hardware 



ondly if the appl ication software i s going to adopt exi sti ng 
or software, i t may not fi t i nto the top-down desi gn easily. 



relatively simple 



Thirdly, top-down design works best with a 
program structure. Complex applications with complex intercon- 
^ not easily lend themselves to the simpler top-aown 



nections 
design. 



do 



the "bottom-up approach," 



The opposite of top-down design is the "bottom-up approacn 
' specific, individual program modules are developed first and 
■': '. ._._ -- .~f\ ^^^ii-^a + i'nn nvnnrsm PHvironment. 



where 

then integrated into an overaM apia 

A bottom-up design compares to a top-down 

reasoning compares to deductive reasoning. 



design as inductive 



Most important, however, is the final objective 
to get the application to work. It is more 
system work correctly than to conform rigidly 
design philosophy. In many cases, th 
combination of the top-down and bottom-up approaches. 



and that is 

important that the 

to some particular 

final design will be a 



Structured Programming 



Once an application program has been . 

top-down design or bottom-up' design), structured programming can 
be used for the detailed program design 



designed (using either 

prograr 

and the coding process. 



Concept. The goal of structured programming is to reduce 
the d ebuggin g time (normally one of the most, or the most, time- 
consuming part of the development effort) by simplifying program 
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structure. By reducing the de- 
debugging time, the development 
time (and, normal ly , the devel - 
opment cost also) Is reduced. 



Structured programming can 
potentially reduce the debug- 
ging time In two ways. One, the 
adoption of structured program- 
ming techniques can reduce the 
number of bugs Introduced Into 
the program as it is written. 
Second, if a bug is detected 
as a program is being tested, 
the bug is often easier to de- 
tect and correct if structured 
programming techniques have 
been used. 



The foundation of struc- 
tured programming rests on two 
key principles: 



Figure 9-5. The Linear Structure 



o ?2!h^/PA^^*^^'^ set of program structures is permitted 
an^^Vn;?;1?^°o^^nT'^"^^"^^^^^^ °"^^ °- eKtry'JjL'i 

used ll^wSe?^^^^ are three key program structures 

° Linear or simple structure 
Decision structure 
Conditional structure. 




420 



AD 



p^ R4,R5 ADD THE TWO NUMBERS 

S @CN,R5 SUBTRACT A CONSTANT 

MOV R5,@RS STORE THE ANSWER 

R *R11 RETURN 



Figure 9-6. Example of the Linear Structure 

The decision structure provides for a test to be made and, 
based upon the result of the test, for different functions to be 
performed. The basic form of this structure is the IF-THEN-ELSE 
structure shown in Figure 9-7. 

Based upon the result of the test, either one function or the 
other is performed. Notice that the programming structure has one 
entry point (into the decision diamond) and one exit point (after 
one of the two functions is performed). 

A corollary of the IF-THEN-ELSE structure is the structure 
where a test is made, and, based upon the result of the test, 
a function is or is not performed. This structure is shown in 
Figure 9-8. Notice the similarity to the IF-THEN-ELSE structure 
in Figure 9-7. 

An example of the deci sion structure i s the subroutine in Figure 
9-9. After the two numbers in R4 and R5 are added together, one 
constant is subtracted if the sum is larger than zero, or another 
constant is subtracted if the sum is zero or negative. The answer 
is then stored in memory location RS and control is returned to 
the calling program. 

The conditional s tructure provides for repetition of a process 

(a loop). Two forms of this structure are the DO-WHILE structure 

and the DO-UNTIL structure. With both forms, a defined process 
(or function) is performed repetitively until some termi nati ng con- 
dition allows the program to "fall out of" the loop. 

The DO-WHILE structure is shown in Figure 9-10. An example 
of the DO-WHILE structure is illustrated by the subroutine in Figure 
9-11. After the two numbers in R4 and R5 are added together, 
the result is compared to zero. If the result is positive, a 
constant is subtracted and the result is again compared to zero. 
As long as the result remains positive, the constant is subtracted. 
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ELSE 



I 




THEN 



FUNCTION 



1 



FUNCTION 



r 



Figure 9-7. The IF-THEN-ELSE Structure 




Figure 9-8. The IF-THEN-ELSE Structure With Only One Function 
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AD A R4,R5 IS R4 PLUS R5 GREATER THAN ZERO? 

JGT LG YES - GO TO LG 

S @C1,R5 NO-ADD A CONSTANT 

j^p Qj^ ^j^Q QQ 5joR£ ANSWER 

LG S @C2,R5 ADD ANOTHER CONSTANT 

ON MOV R5,@RS STORE THE ANSWER 

B *R11 RETURN 



Figure 9-9. Example of the Decision Structure 

When the result becomes negative, the answer is stored in memory 
location RS and control is returned to the calling program. 

With the DO-WHILE loop, the condition is tested before the 
process is performed. The DO-UNTIL program structure is similar 
except that the process is performed first and then a test is 
maae zo acLermine it trie piuucaa i^ tu ^c i^pv-aw,^. ...... «.._ __ 

UNTIL structure (as shown in Figure 9-12), the process is performed 
at least once. 

Figure 9-13 is an example of the DO-UNTIL structure. After 
the two numbers in R4 and R5 are added together, a constant is 
subtracted from the sum. After the subtraction process, the result 
is compared to zero. If the result is positive, the constant is 
subtracted again and again until a negative result occurs and then 
the negative number is stored in memory location RS. Notice that 
with this DO-UNTIL structure the constant is subtracted at least 
once. 

As with the linear sequence and the decision sequence, there 
is only one entry point into, and only one exit point out of, 
the conditional sequen.ce. 

The three basic programming structures can be combined (or 
nested) to build more complex programs. Figure 9-14 shows how 
several individual programmi ng structures can be combined to produce 
a more complex program. 
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Figure 9-10. The DO-WHILE Structure 



Advantages . The two greatest advantages of structured pro- 
gramming are reduced debuggi ng time and better documentation. Reduced 
debugging time results from several things. By using structured 
programming techniques, the designer is less likely to introduce 
errors into the program when it is wri tten. The 1 ogic of the program 
can be "desk checked" (analyzed mentally) more easily since there 
is only one entry point and one exit point for each structure. 
During testing, if a bug is found, the exact problem is easier 
to detect. Also, the documentation produced with structured pro- 
gramming makes the program logic easier to understand, especially 
by someone other than the software designer. 

Pi sadvantages . Just like top-down design, however, structured 
programming does have certain disadvantages. First, it requires 
discipline and often requires more effort to write (especially as 
the techniques are being 1 earned where nonstructured techniques have 
been used i n the past) . Second, a program devel oped using structured 
methods often requires more memory and executes slower than if 
the program were developed in its most performance-efficient form. 
Finally , some programming languages are better suited for structured 
programming than others. Assembly language generally does not lend 
itself as readily to structured programming as does high-level lan- 
guage. Among the high-level languages that do promote structured 
programming well is Pascal. The Pascal language is drawing an 
increasing amount of interest as a programming 1 anguage for micro- 
processors. High-level languages, including Pascal, are becoming 
more widely used for microprocessor applications as the cost of 
memory components decl ines and the efficiency of the language trans- 
lators improves. 
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AD 


A 


R4,R5 


ADD THE TWO NUMBERS 


SB 


JLT 


ST 


IF RESULT NEGATIVE, TERMINATE 




S 


@CN,R5 


ANSWER NOT NEGATIVE, SUBTRACT CONSTANT 




JMP 


SB 


REPEAT 


ST 


MOV 


R5,@RS 


R5 NEGATIVE - STORE RESULT 




B 


*R11 


RETURN 



Figure 9-11. Example of the DO-WHILE Structure 



i! 



PROCESS 




YES 



Figure 9-12. The DO-UNTIL Structure 
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A 


R4,R5 


ADD THE TWO NUMBERS 


SB 


S 


@CN,R5 


SUBTRACT A CONSTANT 




JLT 


ST 


IF RESULT NEGATIVE, TERMINATE 




JMP 


SB 


OTHERWISE, REPEAT 


ST 


MOV 


R5,@RS 


STORE RESULT 




B 


*R11 


RETURN 



Figure 9-13. Example of the DO-UNTIL Structure 

Program Modularity 

Along with top-down design and structured programming, a third 
concept that is important to software engineering is program modu- 
larity . The concept of program modularity, its advantages and disad- 
vantages are discussed in the previous chapter. The use of top-down 
design promotes program modularity, and the adoption of structured 
programming techniques can simplify the debugging of individual 
program modules. 

All of the above software engineering disciplines contribute 
to improved documentation. Thorough documentation should be a goal 
of all system development efforts. 

9.4 LINKING PROGRAM MODULES 

Most application programs are composed of several individual 
program segments or modules. All of these i ndi vi dual program modules 
must reside in memory along with data constants and data-storage 
areas. The separate program modules cannot occupy the same memory 
space, of course, but they should reside in memory as compactly 
as possible with as little intervening memory space as practical. 
This keeps the amount of memory space requi red (and, hence, the number 
of memory components required) as small as possible. A combination 
of techniques for fitting these program modules together In memory 
effectively is the subject of the following discussion. 
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Figure 9-14; Individual Programming Structures Combine 
to Form a More Complex Program 



ROM/RAM Division 

Most application programs created for microprocessors reside 
in nonvolatile memory (ROM) once the design is completed. The 
instructions are placed in ROM so that they will remain intact 
and not have to be reloaded when power is removed. Data constants 
(that is, data that does not change) can also be placed in ROM. 

Most programs do, however, requi re work areas. These are used 
to store data values that may change and, in the case of the TMS 
9980A, one or more workspace register areas that must be in read/ 
write memory (RAM) . 

In addition, an application may employ memory-mapped I/O in 
which one or more I/O devices are assigned memory locations so 
that they can be accessed with memory-reference addressing. 

Memory Space Allocation 

As a first step toward linking programs together in memory, 
the software designer creates a memory map of the system indicat- 
ing the range of memory addresses available for ROM, RAM, and I/O. 
An example of a memory map for a TMS 9980A-based application is 
shown in Figure 9-15. 

Notice that 8K bytes are allocated for ROM memory (addresses 
0000, g through IFFF15), ^^ ^^y^es for RAM (ZOOOig through ZFFFie), 
and 4k bytes for memory-mapped I/O addresses (SOOOi^ throuqh 
SFFF^g). ^^ 

As a further refinement, the software desi gner al 1 ocates space 
within the ROM, RAM, and memory-mapped I/O space to accommodate 
the individual program modules, specific data areas, or individual 
I/O device addresses. An example of how these address spaces can 
be defined further i s i 1 1 ustrated i n Fi gures 9-16 (ROM), 9-17 (RAM), 
and 9-18 (memory-mapped I/O). 

Program Module Memory Assignment . In Figure 9-16, memory lo- 
cations OOOO^g through 0008^5 have been allocated for the three 
interrupt vectors: RESET, level 1, and level 2. Memory locations 
0040^g through OOlFi^ have been allocated for the XOP vectors. 
Memory locations between 0080, g and OIOO15 are used for data con- 
stants. The 512 bytes from addresses 010Cr,g to O30O15 are reserved 
for program module A. Memory locations from 0300, g to IBOOig are 
divided between program modules B, C, D, E, F, and G. The remaining 
1280 bytes of ROM space from address IBOO^^ through IFFF^g are 
not used in thi s appl ication but are available for program expansion 
if additional program functions are added. 

Variable Data Memory Assignment . The RAM memory map in Figure 
9-17 IS divided among workspace areas , variabl e data storage areas. 
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0000,, 
1000,, 

1 f" •" 1" 16 

2000f, 

2FFFi6 
3 16 

5FFFi6 


READ-ONLY 
MEMORY 
(ROM ) 




RANDOM ACCESS 
MEMORY 
(RAM) 


MEMORY-MAPPED 
I/O 









Figure 9-15. A Memory Map for a Typical 
TMS 9980A-Based Application 

data buffers, and unused area. Memory locations ZOOOj^g to ZOZO^^g 
have been reserved for the main workspace register area. Addresses 
2020^5 to 2080]L6 ^**^ ^®^ aside for the three workspace register 
areas used by interrupt levels (RESET), 1, and 2 i nterrupt-service 
routines. 



+n 9inn. 



h ;i uo 



The 128 b"tes of RAM between addresses 2080- w^ i-^wv 
been assigned to variable data storage. The 256 bytes from location 
2300ig to 2400^c have also been set aside for variable data storage. 
The 512 bytes of RAM between addresses 2100^g and 2300]^g are used for 
data buffers. 



emory-Mapped I/O Memory Assignment . As shown i n Fi gure 9-18, 

mory addresses from 3000^g through 38FFj^g have been assigned 

ory-mapped I/O devices. The selection of these addresses 

fies the decoding of addresses for I/O. The SN74154 shown 

ure9-19 is a 4-bit i nput/one-of-16 line-output decoder. Only 

oth address lines AO and Al are logic ONE's is the decoder 

d. Address lines A2 through A5 are used by the decoder 

ect each of the nine different devices. Notice that each 

devices can be selected by more than one address. For example, 

A will be selected by any memory I/O address from 3000j^g 

h 30FFj^g, and device B can be enabl ed by address 3100^^5 through 

. Even though a device can be selected by more than one 

s, normally the software desi gner chooses one speci fie address 

to enable each device. 



M 
the me 
to mem 
s 1 mp 1 i 
in Fig 
when b 
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device 
throug 

addres 
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MODULE G 
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16 



Figure 9-16. ROM Memory Space for a Typical Application 
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2000 
2100 

2300 
2400 



DATA BUFFERS 



2 F 16 




2000 - 201F^g 
MAIN PROGRAM 
WORKSPACE AREA 



2020 - 207F 



16 



WORKSPACE AREA FOR 
INTERRUPT LEVELS 



2080 - 20FF^g 
VARIABLE DATA 



2 F F F 16 



Figure 9-17. RAM Memory Space for a Typical Application 
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Figure 9-18. Memory Mapped I/O Area for a Typical Application 
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Figure 9-19. Address Line Decoding for 
Selecting Individual I/O Devices 
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Of course, with the TMS 9980A, memory space does not have to 
be allocated for I/O. This is necessary only if the system desi gner 
elects to use memory-mapped I/O. such as in this device decoding 
exampl e. 

Program Module Compaction 

Once the total available memory space has been allocated among 
ROM RAM, and I/O. and the available space within the ROM area 
and'with n the RAM space has been allocated for specific program 
mSduUs 0? data, the system designer then fits the program modules 
or data i nto the defined area and resolves the intermodule linkage. 

The problem of fitting the program modules into the defined 
memory space is relatively simple. Referring to Table 9-1. module 
A beqins at location OlOO^^ (using an AORG 100 statement), and 

module B oegins ax location ujwwj^g vUiiny an nuK^i -«« ^^^^ .- 

Each of the program modules begins at its assigned location. 

The ROM memory map in Figure 9-16 was created by the system 
designer using his best judgment as to the amount of memory that 
would be required by each of the modules. This estimate should 
be made toward the liberal side to assure that adequate space has 
been allocated for each and al 1 of the modules. { Sometimes, however, 
even the liberal estimate falls short of the amount of memory a 
programmodule actually requires.) After all of the program modules 
are devel oped, the desi gner then knows the specific amount of memory 
each module requires. At thi s poi nt, the system desi gner can redefine 
the memory map and readjust the origin address of each program 
in order to compress the total program space into a smaller range 
of memory. By doing so, the number of memory components required 
to contain the program can be reduced. This is especially important 
r-- ^^..^4.-; «« ewc + om uihor-o the mpmnrv romoonents are a oroduction- 

cost item. 

Suppose that after the seven program modules in the application 
program have been developed, they require the amount of memory 
shown in the length columns of Table 9-1. The length is determined 
by the difference between the starting address and ending address 
(ending address minus starting address plus 2). 

Notice thatallof the program modul es fitinto their originally 
assigned memory space except for module E. As it now stands, enough 
ROM components are necessary to accommodate the last address used 
by the last module (module G). If these ROM components are IK x 
8-bit components (such as TMS 2708's or TMS 4700's), seven such 
components are required. If 2K x 8-bit components are used (such 
as TMS 2716's) four such devices are required. If 4K x 8-bit components 
are used (such as TMS 4532's), two such devices are required. By 
compressing the program modules cl oser together, all of the modules 
can be made to fit into a smaller range of memory space, requiring 
a smaller number of ROM memory components. 
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Table 9-1. Program Module Address Ranges After Development 



Module 


Beginning 
Address 


Last 
Address 


Length I 


(Hex bytes) 


{Dec. bytes) 


A 


OlOOig 


0264i6 


I6616 


35810 


B 


0300^g 


064Ei6 


350j5 


848io 


C 


OSOOjg 


09FCi6 


1"16 


5IO10 


D 


OBOO^g 


111*16 


6IC16 


156416 


E 


1300ig 


1528ig 


2"i6 


55410 


F 


1500ig 


17AE16 


2B0i6 


68810 


G 


1300ig 


IADO16 


^''^le 


'"10 




^ 


otal Length: 


147C16 


524410 




Some degree of slack between the modules might be desired 
however. For example, if the product is to be tested in prototype 
form (limited production) before volume production, it could be 
anticipated that the individual modules might need to be expanded. 
In this case, the number of prototype read-only memory devices (most 
likely prom's orEPROM's) could still be reduced, but enough interven- 
ing memory space left for a reasonable amount of module expansion. 

Assume that the designer decides to pull out some of the 
slack but wants to leave some additional memory space at the end 
of each module for possible module expansion. A reasonable amount 
of expansion might be ten percent. 

•^-h ^l^]^ ^'^ shows the address ranges for the program modules 
TIJI least ten percent of unused memory following each module. 
(After the ten percent expansion was calculated and added to the 
ending address, the designer rounded the ending address value up 
to the next 16-byte address boundary as the origin point for the 
next modul e. ) ^ r 
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Table 9-2. Program Module Address Ranges With 
Ten Percent "Slack" Between Modules 



Module 


Beginning 
Address 


Ending Address 

(Current 
Droqram length) 


Ending Address 

(with 

10% slack) 


Rounded 
Ending Address 


A 


OIOO16 


0264^6 


028816 


O28E16 


B 


029016 


05DEi6 


063416 


063Ei6 


C 


0640i6 


083Ci6 


087016 


087Ei6 


D 


O88O1C 

J. w 


0E9Ai5 


0F3A16 


0F3E16 


E 


0F40i6 


II6816 


IIAO16 


IIAE16 


F 


IIBO16 


145Ei6 


14A4i6 


14AEi6 


G 


14B0i6 


178016 


17C8i6 


17CE16 



Even with the ten percent margin, the number of IK x 8 o»" 
2K X 8 read-only memory devices is the same as if the modules had 
been structured with no intervening memory space. 

Although the indi vi dual program modul es will "^ Vj^^^^^^^-It + lnn 
in read-only memory, they are normally placed ^"//M/or ^%%^;"9 

... J^..^^ ^^^A ^«/i ■Unon rnnuprtpd tO ROM alter 

purposes as tney are ucvciuhcu a>,^ ^,,.s,.. ww 

they are debugged. 

The same considerations given to reducing the amount of memory 
space required by instructions and data constants T".'^0"^j:an also 
be given to reducing the variable data-storage area in RAM. 



Intermodule Communication 

A problem the system desi gner faces in allocating memory space 
for the program modules, data constants, and variabl e data is inter- 
module communication. Each program module has control passed to 
it from other program modules. Each program module may contain 
subroutines that are called from other modules. The program module 
that passes control to another module or that calls a subroutine 
in another module must know the address of the module or the address 
of the subroutine to which control is passed. 



pi ace 



One method of resolving this intermodule communication is to 
all needed addresses in each program module. As an example. 
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suppose module B needs to call a subroutine in module D and also 
needs to call module A. Figure 9-20 shows the relevant portions 
of the program in module B. 

Similarly, "global" data constants in ROM or data variables 
in RAM that are accessed by more than one program module must have 
their addresses defined to the program modules that access these 
"system-wide" constants or variables. For system-wide use, all global 
constants or addresses can be placed in a module by themselves. 

Resolving Label Addresses wi th the TM 990/189 Symbol ic Ass embler. 
With the symbolic assembler on the TM 9 90/ib9, some of this intermodule 
communication and linkage can be resolved as the program modules 
are assembled. As one program module is assembled, a symbol table 
is created, and the addresses of all resolved labels defined in 
the module are recorded in this table. (See Chapter 4 for a discussion 
of this symbol table.) When a second (or subsequent) program module 
is assembled, the B option entry to the assembler allows the existing 
symbol table to be maintained. If the second (or subsequent) program 
module references a label defined in a previously assembled program 
module, the address is resolved automatically. 

It is often necessary to pass data back and forth between dif- 
ferent program modules or subroutines located in various program 
modules. The previous chapter described some of the most common 
techniques for data passing. 

As a program is being developed, it is often convenient to 
save the object program in nonvolatile memory storage so that it 
can be reloaded when it is needed later. 

The TM 990/189 includes an optional cassette interface which 
can be used to record an object program on a cassette tape. The 
object code is recorded on the tape along with other administrative 
information in a format that allows the data to be interpreted 
correctly when it is loaded later. Thi s format i s cal 1 ed an "absolute" 
object-code format because the memory addresses into which the data 
will be placed are absolute addresses; that is, the addresses are 
all specific and defined. Upon reloading, each byte of data will 
be loaded into the same specific, absolute memory location. 

Relocatable Assemblers and Relocating Loaders . More elaborate 
(3"<^ usually more expensive) microprocessor development systems some- 
times include "relocating" object-code loaders. The relocating loader 
works in conjunction with a relocatable assembler. The relocatable 
assembler gives the software designer the flexibility to wait until 
3" o'^ject program is loaded into memory to assign the absolute 
address where the object program will begin. The relocatable assembler 
produces a special ly formatted object program which carries informa- 
tion used by a relocating loader to load the program. It takes 
both an assembler capable of producing relocatable object code to- 
together with a relocating loader to take advantage of this flexi- 
bility. 
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SA 



DATA 
DATA 



>0100 
>0CA6 



POINTER TO MODULE A 

POINTER TO SUBROUTINE IN MODULE D 



MOV 
BL 



MOV 

B 

END 



@SA,R10 
*R10 



GET ADDRESS OF SUBROUTINE IN RIO 
CALL SUBROUTINE IN MODULE D 
roFTiiRM HFRE FROM SUBROUTINE) 



@AA,R10 GET ADDRESS OF MODULE A IN RIO 
*R10 GO TO MODULE D 



Figure 9-20. Example of Intermodule Communication 
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With these software utilities, the software designer can 
assemble the individual program modul es in the system without usually 
being concerned about absolute address origins. It is only as the 
relocatable object programs are loaded by the relocating loader 
that the absolute addresses are defined according to where the ob- 
ject program begins in memory . Because the programs are relocatable, 
they can easily be loaded one right after another with no intervening 
memory space. 

Most relocating loaders are relocating "linking" loaders; that 
IS, they allow labels defined in one program module to be referenced 
from another program module. Both forward and backward references 
are allowed. 

A relocating loader and a relocatable assembler are available 
with the TI AMPL software development system, which is described 
in more detail later in this chapter. 



9.5 INTERRUPT SERVICING 



metho 
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Jans Of review, recall that there are three general 
/O available with microprocessors: program-controlled 
directmemory access (DMA), and i nterrupt-dri ven I/O. Interrupt- 
n I/O is unique among these three in that it allows an I/O 
e to initiate interaction with the processor. Interrupts tell 
cesser that immediate action is to be taken, so immediate 
the processor is asked to suspend temporarily what it is currently 
in order to respond to the interrupt. Also recall that the 
family of microprocessors can accommodate prioritized, vectored 
rupts. Specifically, the TMS 9980A on the TM 990/189 will 
t SIX levels of prioritized, vectored interrupts. 



As a further review, recall that each interrupt level has a 
two-word vector associated with it. Each vector is at a specific 
location in memory and is used by the processor to respond to 
the interrupt. In each two-word vector, the first word contains 
the address of the set of working registers to be used by the 
interrupt-service routine, and the second word contai ns the starting 
interrupt-service routine. 



address of the 



The processor responds to an interrupt by performing a context 
switch. Control is taken away from the current program with its 
set of working registers and given to the interrupt-service routine 
with Its own set of working registers. As part of the context 
!! -Ki i ''®^"''". to the interrupted program's environment is made 
possible by storing the current workspace pointer, program counter, 
and status register (that is, the contents of these three internal 
registers before the context switch) in registers 13, 14, and 15 
or the interrupt-service routine's set of working registers. 
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Interrupt Service Routines 

In general, an i nterrupt-service routine performs the follow- 
i rf g duties. 

** Saves the interrupted program's environment 

" Identifies the device requiring service 

° Processes the interrupt 

° Resets the interrupt 

** Returns control to the interrupted program. 

Each of these functions is described in order. 

Saving the Interrupted Program's Environment . First, an in- 
ter ru"p^^Te77Tce~ToirFrne~usul^^ control has 
been taken away from another program by the processor. (A possible 
exception to this is a reset i nterrupt created as part of a system s 
initialization sequence such as when power is first applied to 
the system.) In many systems, the microprocessor saves the contents 
of the program counter (contai ni ng the address of the next instruc- 
tion in the interrupted program). It is then the responsibility 
of the interrupt-service routine to save the other vital pieces 
of information so that the interrupted program's environment can 
be restored later. For example, it is normally necessary to save 
the status register and the contents of any of the working registers 
that will be used by the interrupt-service routine (assuming there 
is only one set of working registers available). 

With the 9900 family of microprocessors, the interrupted pro- 
gram's environment is automatically saved by the processor. The 
processor saves the contents of the program counter and the status 
register, and it is not necessary to save the contents of the 

worKing regisi-ers i|jcu i i i v- i a i ■ j . "■■*- f/.vv,v,--w. ^-.^ ..« 

switches to another set of 16 working registers to be used by 
the interrupt-service routine. The processor saves only the contents 
of the workspace pointer used by the interrupted program. With the 
9900 microprocessor family, the task of saving the program environment 
is performed by the processor itself and does not have to be done 
by the interrupt-service routine. 

Id entifying the Device Requiring Service . The second task of 
the interrupt-service routine is to identity the i nterrupti ng de- 
vice. Some processors have only one interrupt level (or sometimes 
one interrupt used for ini ti al ization and one other common interrupt 
which is shared by all i nterrupt-generati ng devices). With these 
processors, if several devices i n the system are capabl e of generating 
an interrupt, the interrupt-service routine must determine which 
specific device caused -it before it can be processed. A common 
technique in this case is for the interrupt-service routine to 
send out a special inquiry command to all devices capable of gen- 
erating an interrupt, and the device which generated the interrupt 
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responds by sending back an Identifying code. From the returned 
code, the interrupt-service routine identifies the interrupting de- 



vice. 



With the 9900 microprocessor family, however, an interrupt- 
generating device is assigned a unique code which is presented 

F^nm^h//°^^x^°''*u^^"®^®'^ ^^^^ ^®^^'^® ""^"^es an interrupt request. 
From this code, ;the processor can determine the identity of the 

ipr!5'r^^Jln?,-n!'I"-^"^*:^"!!^'' ^°"^^°^ ^° the specific interrupt- 




maintained in the lower memory addresses, and'the particufariector 
used depends upon the interrupt code presented to the microprocessor, 
hach code has a corresponding interrupt level. 

With theTMS 9980A microprocessor, specif ical ly , there are six 
interrupt levels (RESET, LOAD, and user levels 1, 2, 3, and 4). 
Normally, RESET is used for power-up and initialization, leaving 
five interrupt levels for interrupt-generating devices; therefore, as 
many as five devices can each be assigned a unique interrupt code. 

*u It ^ system is designed with more interrupt-generating devices 
than there are interrupt levels, more than one device would have 
to be assigned to an interrupt level. In this case, the interrupt- 
service routine for that level would then have to determine which 
device caused the interrupt. This might be accomplished by an 
inquiry command to all the devices on that 1 evel which woul d request 
a further identifying code. '^hucsu 

Processing the Interrupt. After it has identified the inter- 
rupting device, the interrupt-service routine must process the in- 
terrupt. This could be as simple as recording the fact that an 
3c ncln'^l ^^^"'''•ed. For example, suppose that a real-time clock 
IS used to measure elapsed time by generating an interrupt at periodic 
intervals, such as every ten milliseconds. The interrupt-service 
routine can simply record the fact that an interrupt occurred bv 
incrementing the contents of a counter used to record the number 
of accumulated "clock ticks." This counter could then be accessed 
by other system routines to measure elapsed time. By storing the 
^n!! +i; °^ ^11^^ '" ^^^ counter when one significant event occurs 
and then subtracting this value from the number of ticks in the 
counter when a subsequent significant event occurs, a routine can 
determine the time period between the two events. 

of th«"??!l!'' !p°!i^'"f ""i^ht use the clock-tick counter to keep track 
of the time of day (and the date also). 

hp ..cIh t/%^\'^^^-^ operating system, the clock-tick counter can 
be used to determine times to transfer control from one task in 
the system to another. (More is said about real-time operating 
systems later in this chapter.) ^ 
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Often, however, the i nterrupt-service routine must take further 
action. For example, an i nterrupt-service routine that sounds an 
alarm to indicate that a motor is overheating must also take action 
to shut down the motor or, perhaps, slow it down. 

Often the interrupt-service routine must exchange, receive, 
or transmit data to or from a device. For ejcampU^, ^a^c^ard ^reader 

the 
by 
ng 

by another routine. 

An interrupt can be used to record that a data transfer has 
been completed. For example, a DMA controller can transfer infor- 
mlt on from a high-speed disk directly in^o^iemory. After the d, 

transfer, the controller generates i^^_\P}^^^S^^,?X_\%:^^t\^^^^^^^ 
data transfer has been compiei:ed. ine '" ^^'' "f'"-^^'.'-^.::: "-.;:: 
might then raise a flag to indicate to another routine that the 
data is in memory and ready to be processed. 

Res etting the Interrupt . Normally, the interrupt-service rou- 
tine rmTsr-TeArTHF-Tnte^u p t ; that is, It must issue a control 
signal which causes the interrupt request to be removed, allowing 
the device to issue another interrupt request later. 

Returning C ontrol to the Inter rupted Program. As its final 
duty the interrupt-service ro utine usually returns contro to the 
interrupted program. This requires restoring the P/eviously saved 
contents of the working regi sters, the saved contents of the status 
register, and the saved contents of the program counter. 

Most microprocessors having interrupts also have ^ special in- 
struction in the instruction set for returning control from an 
nterrip?-service routine. The RTWP i nstruction serves this purpose 
i?th the 9900 microprocessor family. The RTWP instruction automat- 
Ually returns control to the interrupted program and restores its 
envi ronment. 

Interrupt Priorities and Response Time 




Nest ed interrupts . With the TMS 9980A, an interrupt request 
is al lowed to interrupt an interrupt-service • routi ne (or, for tnax 
latter any roitine) o'nly if the request has a sufficient prion ty. 
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For example, if a level-three interrupt context switch is made, 
the low-order four bits of the status register are set to the value 
two, indicating that only an interrupt request priori ty higher than 
three is to be permitted. 

Should a later interrupt of sufficient priority occur (for 
example, a level-two interrupt while the level-three interrupt- 
service routine is executi ng) , the processor responds automatically 
with a nested context switch to the level-two i nterrupt-service 
routine and the low-order four bits of the status register are 
set to the value one, indicating that only an interrupt of level 
one or higher will be permitted. 

When the level-two routine is finished, an RTWP instruction 
reverses the context switch back to the interrupted level-three 
routine. When the level-three routine is completed, its RTWP in- 
struction returns control to the program interrupted by the level- 
three interrupt. 

Restructuring the Priority Levels . It i s possibl e to restructure 
the current permissible interrupt level by altering the contents 
of the status register. For example, an LIMI 1 instruction in 
a level-three interrupt-service routine would prevent a level-two 
interrupt request from interrupting the level-three routine. The 
LIMI 1 instruction should be the first instruction in the 1 evel -three 
interrupt-service routine. After a context switch is made by the 
processor as a result of an interrupt, all interrupt requests are 
held off (not permitted) until after execution of the first instruc- 
tion in the interrupt-service routine. This allows the interrupt- 
service routine to rearrange the priority structure if necessary. 

Likewise, an interrupt-service routine can allow itself to 
be interrupted by what would normally be a lower priority interrupt 
level. In this case, the LIMI instruction can be placed anywhere 
in the interrupt-service routine where it is desired. 



4.« I, J!l l?i"® particular section of a program it may be necessary 
to hold off any i nterrupts during the execution of a set of instruc- 
tions, perhaps because the program section is especially time sen- 
si tive (i t must be executedwithin a specif ic time 1 imit) or. perhaps 
the program is non-reentrant (it cannot be interrupted without 
the risk of pertinent data being lost). In such a case, a STST 
instruction could be used to remember the current permissible inter- 
rupt level, followed by a LIMI to turn off all interrupts. (RESET 
however, cannot be prevented with the TMS 9980A. That is why RESET 
IS normally reserved for only a very critical interrupt such as 
power-up, or initial ization, for example, when it no longer becomes 
necessary to follow the normal priority structures.) 

ni«-ho5^*!L^^^ interrupt-sensitive section of the program is com- 
pleted, the saved interrupt level can be restored. 
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Int errupt Response Time . One other subject shoul d be addressed 
in relation to interrupt-service routines, and that is interrupt 
rjesponse time. 

Interrupts are normally assigned to devices that require im- 
mediate attention so, as a general rul e, an interrupt-service routine 
should respond to an interrupt as soon as possible. 

Several factors affect the speed with which the response to 
an interrupt is made: 

*» The relative priority of the interrupt request 
" The structure of the interrupt-service routine 
° The number of machine cycles required to complete the 

current instruction being executed when the interrupt 

request is made 
" The speed at which the processor is running. 

First, when an interrupt request is made by a device to a 
TMS 9980A, it may not be permitted to interrupt because its interrupt 
level is not of sufficient priority. In this case, the interrupt 
is held off until the interrupt mask in the status register is 
changed to allow the interrupt request. 

Secondly, even when an interrupt level is of sufficient priori ty 
to be permitted, the response time to the interrupt is dependent 
upon the structure of the interrupt-service routine. The routine 
may have other admini strati ve things to do before it can get around 
to processing the interrupt. 

Also, the response time is affected by the point during the 
execution of an instruction that the request becomes active. With 
most microprocessors, i ncludi ng the TMS 9980A, an interrupt request 
is not acknowieagea until i^ne cAe^-unun ui an . ..i. v. «>,«.«.. .-^-... 
pleted. The earlier in an instruction that the request initially 
becomes active, the longer it must wait until the processor can 
acknowledge it. This wait time is also affected by the instruction 
being executed. It may be a relatively short instruction such 
as JMP, or a relatively long instruction like DIV. 

Finally, the speed at which the microprocessor is running affects 
the overall response time. 

Generally, the amount of time spent in an interrupt-service 
routine should be as small as possible. While in an interrupt-service 
routine, it is possible that other devices (at that same level 
or at another level) may have an interrupt request active which 
is being held off, wai ti ng f or the current interrupt-service routine 
to complete its processing. 

Only the minimum amount of processing required should be per- 
formed in the i nterrupt-service routine itself and as much processi ng 
as possible allocated to other, noninterrupt-service routines. 
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9.6 REAL-TIME CONSIDERATIONS 



The use of interrupts is often associated with "real-time" 
applications. A real-time system processes data as it becomes 
available, as opposed to a "batch" system which processes data 
at some later, unrelated time after the data i s produced. A real-time 
application allows processing and deci sions to be made upon incoming 
data in time to control the process under 



A 
used i 
drives 
by the 
belt, 
belt a 
detect 
In add 
the op 
it mu s 
a repo 
the be 



operation. 

s an example. Figure 9-21 depicts a microprocessor system 

n a factory to control a conveyor belt operation. A motor 

the conveyor belt, and the speed of the belt is determined 

amount of current supplied to the motor and the load on the 

The system is designed to maintain the movement of the conveyor 

t a constant speed selected by an operator. It must also 

and display the current speed of the belt to the operator. 

ition, if the motor becomes overheated, the system must alert 

erator, and take immediate action to stop the motor. Also, 

t record the number of items carried on the belt and produce 

rt upon demand that shows the number of items carried on 

It during each 15-minute interval of the day. 



Controlling the speed of the belt is a real-time process. 
By detecting precisely spaced marks on the belt {using a light- 
sensitive detector, for example) and by employing a real-time clock 
to produce evenly spaced clock ticks, the processor can determine 
the speed of the belt and can maintain the selected speed by con- 
trolling the amount of current fed to the motor. Notice that if 
the processor receives information indicating the belt is going 
slower than its set rate, it must respond to speed up the belt. 
In addition, the clock ticks that are used to determine the speed 
of the belt are a series of interrupts from a real-time hardware 
clock. An overheated motor can indicate an alarm condition through 
an interrupt, or the condition could be detected by the processor 
periodically (say, every ten seconds) reading the temperature of 
the motor and turning it off if it becomes too hot. This latter 
method of detection is called polling. 

The real-time clock (RTC) could be used not only to provide a 
base for measuring the speed of the belt but also to record 
assing of a ten-second interval to determine when it is time 
ad the motor temperature. Furthermore, the real-time clock 
erve as a base for keeping the time of day. In conjunction 
the time of day, the processor can count the number of items 
e belt (with another light-sensitive detector perhaps) during 
15-minute period of the day. And, as a final function, the 
ssor must recognize an operator input from the keyboard and 
nd in real-time to the operator request. 
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Time Measurement and Delays 

The measurement of elapsed time 
a real-time application. There are 



often plays a key role in 
essentially, two ways that 
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Figure 9-21. A Real-Time Microprocessor System in a Factory 



elapsed times can be measured or time delays produced in a system: 
by program-controlled timing loops and by a hardware clock. 



Program-Controlled Timincj 
is a method of generating 



^ - - Loop . A program-controlled timing 

loop IS a method or generating a time delay by executing a care- 
fully selected group of instructions the collective execution time 
of which is calculated to require a given amount of execution time. 
An example of a program-controlled timing 1 oop i s the cycle generator 
program in Chapter 6. 

There are two primary advantages of program-controlled timing 
loops when compared to a hardware clock. First, no additional 
hardware is required. Second, this is a relatively quick way of 
developing a simple time delay. For example, if a one-millisecond 
delay is to be introduced into a given process, a sequence of 
structions could be structured very quickly to generate this. 



1 n- 



However, there are several 
program-controlled timing loops. 



disadvantages associated with 



First, it is more difficult to program highly accurate times. 
The instructions used must be very carefully sel ected and structured 
very carefully. This can take a lot of time to devel op. The resulting 
time delay may not be highly accurate. For example, a 20-microsecond 
delay might be required, but with the instructions available, it 
may be possible to produce only a 19- or 21-microsecond delay at 
best; a difference of +5 percent from the desired time. 

Second, program-controlled timing loops generally do not allow 
a large variation in time delays. By introducing a flexible time 
delay into a program-controlled timing loop, decision-making in- 
structions are also introduced which tend to disrupt the carefully 
structured timing of the sequence of instructions. 

Third, and this is usually the most serious disadvantage in 

a system, program-controlled timing performs only one function- a 

delay. No other processing is being accomplished, and an active 

interrupt would destroy the integrity of the timing loop. It is 

possible that a relatively large time delay could be combined with 

some processing operation, but, practically speaki ng, thi s is rarely 
possible. "^ 



1 s 



Al so 
totally 



a real-time clock 



^ ^. IS not possible since the processor 

dedicated to timing loops. Such a clock needs to be 
external, driving the microprocessor through interrupts. 



Hardware Clock. The other method, using a hardware clock 
overcomes most of the disadvantages of the program-controlled timinq 
I oop . ^ 

First, a hardware cl ock can be bui 1 1 to produce a very accurate 
time base. The hardware clock can be desi gned to produce interrupts 
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at precisely defined time 
time" of the instructions. 



intervals independent of the execution 



can 



by 
with 



Second, the individual clock-tick interrupts 
the software to provide a number of widely varying 
equal to the inverse of the clock 



a precision 



be combined 
time delays 
frequency . 



Third, with 
work in between 
loop simply waiting 
processing function 
whenever the e 
can be allowe 
either higher 



a 

clock ticks, 
for time 
with the 



the software can perform useful 
The software is not locked in a 
to expire. It can 
assurance that it 



be performing a 
will be notified 



lapsed time has expired. Furthermore, other interrupts 
^d and the programmer can designate them to be ot 
' oV lower priority than the clock interrupt. 



The hardware clock, however, does have some ^ , . ^ 
First additional hardware is required to implement the clock and. 



s limited 
previous section. 



di sadvantages 
the clock and 
interrupt response 



of building 
RTC). For 



a hardware clock, 
example, the time 



second, tne accuracy ui 
delays described in the 

often 
base 
1 i n e . 
can be built to produce an 
interrupt VaseTipon'the 'positive-to-negative transition sine wave. 
Notice that this method will cause an interrupt to be generated, 
on the average every 1/60 of a second or every 16.67 milliseconds. 
°T e f e Sof t'h'e^ine varies slightly. ''"Ithe average requenc 
- - y^iii be very close to 60 Hz. ihe average 
sufficient to maintain the accuracy of a 



There are several methods 
ca"be e\t;bl];Sirar'Ju''n'd th°;co.n,only available 60-Hz p_o_we^r 
Figure 9-22 shows how an interrupt 



over a period of time 
frequency is normally 
time-of-day clock. 



A second 



illustrated in Figure 9-23 and 9-24, uses 

npnerate an RTC of a given frequency. In 

b^ase is derived from a variable RC network. 

established by a crystal for more 



method, 

UldV^ICUC v,<jiiif/wiiv.i'«'-' "- 

Figure 9-23, the time 

In figure 9-24, the time base is 

preci si on. 

A third method is to use with the microprocessor an LSI Peripheral 
component that includes a real-time clock. For example, the TMS 
9901 on the TM 990/189 includes an interval timer .^^e frequency 
of which can be programmed from software. (For details of the TMS 
9901 operation, refer to Chapter 7.) 



The Real-Time Clock (RTC) 

nnrp an RTC has been added to a system, it can be used for 
a numb2r%'f purposes. For example, de occurrence of the indi- 
vidual clock ticks can be recorded so that there is a running 
measurement of elapsed time. In addition, the clock ticks can 
be accumulated and used to keep track of the time of day and date. 
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Figure 9-22. An RTC Based Upon the AC Power Line 
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Figure 9-23. An RTC Built From Descrete Components 
With a Time Base Set By An RC Network 
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Figure 9-24. An RTC With a Crxstal-Controlled Time Base 

Some consideration needs to be 9^^%" ^% ^!!%^J^"^^"[;^ ^JJJl 
interrupt-service routine that processes the RTC and to the choice 
of frequencies chosen for the RTC. 



As with most i nterrupi-servi v,c 



practical should be spent in its execution. As 
a time-of-day clock is used in a system, the interrupt-s 
may simply need to record the fact that a clock ti 



as 1 i ttl e time as 
As an example, if 
;-service routine 
ck occurs. The 
updatingif the clock can be performed" once' the interrupt has been 
di smi ssed. 

Consideration must also be given to balancing the accuracy 
of the RTC and the amount of interrupt overhead introduced. \x 
the RTC frequency chosen is too slow, there may not be the preci^si^on 




is initially established. 
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Real-Time Operating Systems 

The factory system described earlier in this section includes 
a multitude of functions: control, alarm monitoring, operator in- 
terface, report generation, and time-of-day keeping. To manage all 
of these functions might require a real-time operating system. 

Definition and Usages . A real-time operating system is a 
supervisor program operating in a real-time mode. A supervisor 
IS responsible for coordinating the various functions in a system. 
The various programs in the application are given control of the 
processor one at a time by the supervisor. The use of the processor 
in a real-time application may be on a "time-slice" basis; that 
IS, one program function gets control of the processor for a given 
length of time and then another program function is given control 
for another period of time. The time periods are usually measured 
by a real-time clock. In addition, many real-time operating systems 
also keep track of the time of day (again, based upon the real-time 
clock) and may schedule various program functions according to the 
time of day. ^ 

Functions. Three functions usually performed by a real-time 
operating systems include 

Task management 
** I/O management 
** Time management. 

Task management includes several specific functions, 
viously mentioned, there may be several tasks (program fun 
in an application which must share use of the processor, 
processor can execute only one program at a time.) There 
a supervisory program to coordinate the execution of these 
The real-time operating system does this. All programs 
assigned a fixed length of time with which they have the pr 
and each one is given control on a "round robin" basi s. For e 



As pre- 
ctions) 
(The 
must be 
tasks, 
can be 
ocessor 
xampl e, 
s given 
ion has 
s s r is 
s s r is 



Po.hJ? ^®9ree of priority can be added to this time slicing. 
iJrJltV °"^ P'^ojram function is deemed to be more important than 
anotner. in this case, the program function could be assigned 
n.n^n?!!; ^^''l''^ of tinie than the others to have control of the 
^r^hf^I: O'^^ perhaps, its time slice could be the same length 
as the others, but it receives a time slice every other time as 
shown in Figure 9-25. Now, the higher priority task has control 
of the processor for half of the total time and the other half of 
the tune is shared by the other four program functions. 
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based upon external conditions that occur. 



ThP orocessor, which is shared by the various tasks, J s a 
■ "■ ^ there are usually other system resources, n:, a.. 

a system, and several 



system resource, 
example, there may 



single printer in 




environment where 
each program function 

HSH£^'°T^h ^xcRa^grof^information among the various tasks 
is usually the task-management responsibility of the real-time oper- 
ating system. 



A rpal-time aoolication is often a dynamic 

■' tion (task) is carrying out its assignee job 

exchanging information with other tasks regarding 
completed, error conditions, or other pertinent 



As part of 
usually assumes 
to receive some 
for such input 



its I/O management duties, the 
the control of the I/O devices. 

from a keyboard, for example, the request 



operating system 
If a task wishes 



is^made to the'oVerati'ng system which can analyze 

for the resource (another tasK 




requesting task when the operation is completed. 



The individual I/O driver routines that service the various 
I/O devices in the system are also normally modules which are super- 
vised by the operating system. 




Figure 9-25. A Higher Priority Task Shares Time 
Slices With Lower Priority Tasks 
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In an interactive system, that i s, a system that i ncl udes oper- 
ator communication via a terminal with the system, the interaction 
with the operator is handled by a task managed by the operating 
system. 

Final ly, time" management i s a vital part of a real-time operating 
system. Using the time base provided by the RTC, the operating 
system is able to provide the time slicing among the individual 
tasks and can maintain the time of day upon which many functions 
and task priorities depend. 

Because of its many capabilities, a real-time operating system 
can bring a high degree of flexibility to an application. 

Reentrancy 

In the factory system discussed earl ier, it is possible that the 
microprocessor could be controlling several conveyor bel ts, and sep- 
arate tasks could be responsible for all of the functions associated 
with each bel t (speed determination, motor control , motor temperature 
monitoring, etc.) As an example, it is likely that there is only 
one program module in the system which monitors the motor temperature. 
The same program logic (set of instructions) is used to read the 
temperature and it is only the data read in from each individual 
motor that varies. 



. ^. Concept . In this situation it may be desirable to make the 
individual program functions reentrant. Reentrancy i s the attribute 
of a program which allows it to be shared by several tasks in an 
interrupt environment. One task can begin the execution of the 
reentrant program, be interrupted while control is in the reentrant 
program, and another task that uses the same program can execute 
it without the variable data of either program being affected. Fi gure 
9-26 illustrates the concept. The fol 1 owing 1 i st of numbered comments 
refers to the circled numbers on Figure 9-26. 

1. Task A is given control by the operating system and 
begins executing. 

2. Task A calls the reentrant subroutine to perform a 
function. 

3. The subroutine executes until an interrupt occurs. 

4. The interrupt causes the operating system to transfer 
control to Task B. 

5. Task B begins executing. 

6. Task B calls the reentrant subroutine to perform its 
function. 
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7. The subroutine is reentered at the top and completes 
the function. 

8. The subroutine returns control to Task B. 

9. Task B completes. 

10. Control is returned to the reentrant subroutine at 
the point where the interrupt occurred. 

11. The subroutine completes execution. 

12. The subroutine returns control to Task A which origi- 
nally called the subroutine. 

13. Task A then completes. 

There are several key considerations that 

First, there 




Reentrancv can be accomplished quite easily in the TMS 9900 

,..„ :;;;;;;■Htly3l;: ;.■,;:.;:4^&;;;a^3^£r;!;:H 

routine reads the temperature into memory location LC and tnen 
co^p res the%alue read with a limit value n memory loc t o H. 
Tf tho valiiP read is qreater than the limit value, tne routine 
rlisel an alarm This program worlcs well if only one program 
I? a "ime ca Isthe subroutine and if it is allowed to be completed 
before another program calls it. but it is not reentrant. 

Suppose there were two conveyor belts in the system. T"!; ^ 
handles one belt and its associated functions, and Task B "anoies 
Ue i?her be'r and its associated functions. Now consider the 
following sequence of events. 

Tack A ucres the routine in Figure 9-27 to monitor the tem- 
peratu^e'o? mXr A ?ask A places'the CRU base address of motor 
A in R12 and calls this subroutine. 
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Figure 9-26. The Flow of Control With a Reentrant Subrouti 
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TM 



AL 



STCR 


@LC,10 


C 


@LC,@LM 


JH 


AL 


JMP 


OK 











READ MOTOR TEMPERATURE 
COMPARE IT TO LIMIT VALUE 
TOO HOT - GO RAISE ALARM 
TEMPERATURE WITHIN LIMITS 
RAISE ALARM 



OK 



*R11 



RETURN 



Figure 9-27. Nonreentrant Motor Temperature Monitor Routine 

The routine reads motor A's temperature into memory location 
LC (with the STCR instruction). At this point, an interrupt occurs 
which causes the operating system to transfer control to Task B. 

Task B begins executing, places the CRU base address of motor 
B in R12, and calls this subroutine to monitor the temperature 
of motor B. 

The routine is reentered at its entry point, and the STCR in- 
struction reads motor's B temperature into memory 1 ocation LC (which 
overwrites the temperature read from motor A). Motor B ' s temperature 
is compared to the limit value, and a decision is made to raise 
an alarm or not, and control returns to Task B. 

Task B eventually rel i nqui shes control , andcontrolis returned 
to the subroutine at the point of interruption (just before the 
C instruction). The subrouti ne compares the value in memory 1 ocation 
LC with the limit value, but the value in location LC is now the 
temperature of motor B, not motor A. The temperature read from 
motor A was lost when Task B got control and called the subroutine. 

It is possible that the temperature read from motor A was over 
the limit, but because the subroutine is not reentrant, this alarm 
condition would not be detected. 

This problem can be avoided by making the subroutine reentrant 
as shown in Figure 9-28. 
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Figure 9-28. The Motor Temperature Monitor 
Routine Modified to Make It Reentrant 



In this modified program, it is assumed that each calling pro- 
has its own unique set of register. The temperature is read 
the register of the calling program and now, even though 
interrupts may occur, the temperature read from a motor is preserved 
register. 



gram 
into 



in the 



In this section, several considerations involving real-time 
applications are discussed, including timing considerations, ways 
to construct a real-time cl ock , the functions of a real-time operat- 
ing system, and the construction of a reentrant subroutine. Many of 
these concepts and practical considerations are illustrated in the 
program example which follows. 



9.7 PROGRAM EXAMPLE: TIME-OF-DAY CLOCK 



Goal of the Program Example 

The goal of this program example is to illustrate some of 
the fundamentals of software engineering discussed in this chapter. 
These fundamentals i ncl ude top-down design, structured programming 
program modularity, intermodule communication, real-time program- 
ming, and the construction of interrupt-service routines. Character 
conversion techniques ar« also illustrated. 
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What the Program Does 

The program example maintains the time of day and activates 
an alarm at a selected time. The time of day is maintained by 
the program based upon a series of periodic interrupts received 
from a real-time clock. The program allows an operator to set 
an alarm time and to initalize the time of day from the on-board 
4.^-.«,^«ni rt-F the TM QQn/iftq. Once the alarm time has been selected 
and the time of day has been initalized by the operator, the program 
will maintain the time of day and show the current time on the 
terminal's display. If an alarm time is set by the operator, 
the speaker on the board will sound for a short period when the 
alarm time is reached. 



Program Definition 

Thg nv-ogram maintains a 24-hour clock: that is, it records 
the hours*' a"s a series of digits from through 23. The program 
maintains the time of day and displays only the four digits con- 
stituting the current hours and minutes. 

The interval timer of the "display" TMS 9901 on the micro- 
computer board i s programmed to generate an interrupt at 200-milli- 
second intervals. The display 9901 is the device at position Ull 
on the microcomputer board. Two hundred milliseconds was chosen 
as the timer value for, primarily, two reasons. First, it is a 
relatively large interval which reduces the number of interrupts 
generated by the real -time cl ock (and, thereby , reduces the interrupt 
overhead), and, second, 200 milliseconds is a value that produces 
a nonfractional number for the time command presented to the 9901 
for a system running at 2 MHz. 

The interrupt from the real-time clock is interpreted by the 
TMS 9980A microprocessor as a level-four interrupt. (However, this 
is an internal level 3 at the TMS 9901.) This interrupt level is 
already predefined on the board for the di spl ay 9901 interval timer. 
The 200-mill isecond real-time clock that is used to keep track of 
the time of day is used in conjunction with another interval timer 
which is also input as an interrupt to the TMS 9980A. This periodic 
interrupt (which occurs every millisecond) is necessary to period- 
ically refresh the characters displayed by the on-board terminal. 

The interrupt-service routi ne that services the 200-mi 1 1 i second 
real-time cl ock i s designed to spend a minimum amount of time in the 
routine. The routine simply increments a memory location which 
records that a clock interrupt has occurred. The updating of the 
time-of-day clock as well as the comparison of the time of day 
with the alarm time is performed outside of the interrupt-service 
routine. 

The program uses the XOP util ities available with the TM 990/189 
monitor to interface with the operator as the alarm time and time 
of day are initialized. A user XOP utility is also used to display 
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the current time of day once the time has been set. The characters 
that are entered by the operator to select the alarm time and to 
select the time of day are converted into ASCII characters. This 
is done to somewhat simpl i fy the di spl aying of the time-of-day char- 
acters but, also, to illustrate character-conversion techniques. When 
an alarm time is selected by the operator, the speaker on the board 
sounds the alarm. The cycle generator program example in Chapter 
6 is used to drive the speaker. 

Program Design 

Figure 9-29 is the flowchart of the program, and Figure 9-30 
is a listing of the program. Refer to the 1 i sting for the following 
discussion. 

The first three system EQU' s (1 abel ed IW, W4, and P4) are used 
for initializing the two-word, level-four interrupt vector. Recall 
that the 200-mi 1 1 i second real-time clock will appear as a series 
of interrupts at level four. To process these interrupts, a level- 
four vector must be initialized at memory location lOig (WP) and 
location 12^^ (PC). The system EQU labeled WE is used to identify 
to the time-of-day clock program the entry address of the cycle 
generator program at location 220^g. The last two system equates, 
labeled CT and DT, are the two values that are used for a 200- 
mi 11 isecond timer command and a 1-mi 1 1 i second timer command, re- 
spectively, for the two TMS 9901 devices on the University Board 
{at Ull and UIO). 

This program's starting address is 250ig, which is a memory 
location below the last address of the cycle generator program. 
(See the program example in Chapter 6 for a listing of the cycle 
generator program.) The LWPI instruction at location 250,^ ini- 
tial izes the workspace pointer, and the following instructions estab- 
lish the interrupt vector for the level-four interrupt. The CLR 
instruction at location 264^g initializes memory location TK to 
zero. This memory cell accumulates a count of the number of clock 
ticks. The contents of location TK is incremented by one from 
the level-four i nterrupt-service routine each time a clock tick 
occurs. 

The memory location which records the operator's sel ected al arm 
time is initialized to zero at locations 268^5 and 26C15. 

The sequence of instructions beginning at label Tl starts the 
operator interaction. The XOP instruction at location 274, g is 
used to display a prompting message to the operator requesting the 
desired function. The two possible functions include setting an 
alarm time and setting the current time. The operator indicates 
that an alarm time is to be set by entering the character A or 
that the current time is to be set by entering the character T. 
The program checks to ensure that the character entered is either 
and A or I . If the operator enters some character other than these 
two, the program displays the function-prompt message again and 
awaits another entry. 
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Figure 9-29. Flowchart for Time-of-Day Clock Program 
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TODCLK 

0001 
0002 
0003 
0004 
0005 
0006 
0007 
0008 
0009 
0010 
0011 
0012 
0013 
0014 
0015 
0016 

0017 

0018 

0019 

0020 

0021 

C>sa 

0023 

0024 

0025 

0026 
0027 

0028 

0029 
0030 

0031 
0032 

0033 

0034 
0035 
0036 
0037 
0038 
0039 

0040 

0041 
0042 
0043 



SDSMAC 



3. 1 » 



11:03:41 FRIDAY, DEC 22, 1978. 



PAGE 0002 



OlEO 
0010 
0012 
0220 
30D5 
003F 



0250 
0250 
0252 
0254 
0256 
0258 
025A 
025C 
025E 
0260 
0262 
0264 
0266 
0268 
026A 
026C 
026E 
0270 
0272 
0274 
0276 
0278 
027A 
027C 
027E 
0280 
0282 
0284 
0286 
0288 
028A 
028C 
028E 
0290 
0292 
0294 
0296 

0298 
029A 
029C 
029E 
02A0 
02A2 
02A4 
02A6 



02E0 
0200 
0200 
OlEO 
C800 
0010 
0200 
03F0 
C800 
0012 
04E0 
03E0 
04E0 
03D2 
04E0 
03D4 
0202 
03D2 
2FA0 
03A6 
2EC0 
0240 
7F00 
9800 
03BC 
1305 
9800 
03BD 
16F3 
0202 
03DA 
2FA0 
03B2 
2E40 
0270 
028E 

C040 
0241 
OFFF 
9801 
03CC 
1BF5 
06C1 
9801 



IDT 'TODCLK' 

* TIME-OF-DAY CLOCK PROORAM 
» 

* .SYSTEM EQUATES 
« 

EQU >1E0 

EQU >0010 

EQU >0012 

EQU >220 

EQU >30D5 

EQU >003F 



IW 
W4 
P4 
ME 
CT 
DT 
« 

TC 



Tl 



T2 



AORG >250 
LWPI >200 

LI RO, IW 

MOV RO, ew4 

LI R0> IS 

MOV RO, €P4 

CLR fiTK 

CLR SAL 

CLR eAL+2 

R2i AL 

SEF, 14 



LI 
XOP 



XOP RO, 11 
ANDI RO, >7F00 



CB 

JEQ 
CB 

JNE 
LI 



RO, SAT 



RO, fiAT+l 

Tl 
R2. TM 



XOP eET, 14 



ADRS OF WP AREA FOR INTRPT 4 
ADRS OF WP VECTOR FOR INTRPT 4 
ADRS OF PC VECTOR FOR INTRPT 4 
ADRS OF WAVE CYCLE ENTRY POINT 
200 MS. 9901 TIMER COMMAND 
ONE MS. 9901 TIMER COMMAND 



INIT WP 

SET INTRPT LEVEL 4 VECTOR 



ZERO OUT CLOCK TICK COUNTER 
INITIALIZE ALARM TIME OFF 

SET INDEX TO ALARM TIME 

PROMPT FOR FUNCTION 

RECEIVE A CHAR 
STRIP OFF PARITY BIT 

IS CHAR AN "A"? 

YES 

IS CHAR A "T"? 

NO 

ADJUST INDEX TO CURRENT TIME 

PROMPT FOR TIME 



XOP RO, 9 READ TIME INPUT 

DATA Tl NO INPUT-REPROMPT FOR FUNC. 

DATA T2 BAD VALUE-REPROMPT FOR TIME 

VALIDITY CHECK FOR VALID DECIMAL CHARACTERS 
MOV RO, Rl HOURS CHARS OK? 
ANDI R1.>0FFF 



CB 



Rl.eC9 



JH T2 
SWPB Rl 
CB Rl,tTB 



NO 

CHECK MINS CHARS 

MINS CHARS OK? 



Figure 9-30. Listing of Clock Program 
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TODCLK 



SDSMAC 



3.1 « 11:03:41 FRIDAY. DEC 22, 197S. 



PAGE 0003 



02A8 03C4 

0044 02AA IBFl 

0045 02AC 0241 
02AE OFFF 

0046 02B0 9801 
02B2 03CC 

0047 02B4 IBEC 

\j\jtJS Wa£00 Towv/ 

02B8 03BE 
02BA 1BE9 
02BC 06C0 
02BE 9800 
02C0 03BF 
02C2 1BE5 



0049 
0050 
0051 

0052 
0053 
0054 
0055 

0056 
0057 
0058 
0059 
0060 
0061 

0062 

0063 
0064 
0065 
0066 
0067 

0068 
0069 
0070 
0071 
0072 

0073 
0074 
0075 

0076 

0077 
0078 
0079 
0080 
0081 

0082 

0083 
0084 
0085 
0086 
0087 

0088 



02C4 

02C6 

02C8 

02CA 

02CC 

02CE 

02DO 

02D2 

02D4 

02D6. 

02D8 

02DA 

020C 

02DE 

02E0 

02E2 

02E4 

02E6 

02E8 

02EA 

02EC 

02EE 

02F0 

02F2 

02F4 



02F6 
02F8 
02FA 
02FC 
02FE 
0300 
0302 



C0C2 
0204 
0004 
OBCO 

0604 
16FC 
C0C2 
0204 
0004 
0201 
F030 
5CC1 
0604 
16FD 
C0C2 
0204 
0004 
06C1 
FCCl 
0604 
16FD 
0282 
03D2 
13BD 

020C 
0400 
0201 
30D5 
33C1 
lEOO 
1D03 



0304 
0306 
0308 
030A 
030C 
030E 
0310 
0312 
0314 
0316 
0318 



JH T2 

AND I R1,>0FFF 

CB Rl,eC9 



JH 



T2 



NO 



NO 



JH T2 
SWPB RO 
CB RO. SLM+l 

JH 



DEC. CHARS IN BOUNDS? 

NO 

GET MIN. 'S ENTRY IN LEFT BYTE 

VALID MINUTES ENTRY? 



NO 



« CONVERT DIGITS TO ASCII CHARS 



T3 



T4 



020C 
0000 
0201 
003F 
33C1 
lEOO 
1D03 
1D06 
0300 
0004 
2FA0 



T5 



MOV R2, R3 
LI R4, 4 

SRC RO. 12 
MQVB ROj *R3+ 
DEC R4 
JNE T3 
MOV R2. R3 
LI R4, 4 

LI R1,>F030 

SZCB R1.«R3+ 
DEC R4 
JNE T4 
MOV R2. R3 
LI R4, 4 

SWPB Rl 
SOCB Rl. »R3+ 
DEC R4 
JNE T5 
CI R2, AL 



GET TIME INDEX IN R3 
I NIT COUNTER 

R. JUSTIFY DIGIT IN LEFT BYTE 

MOVE TO MEMORY 

THRU? 

NO 

RESET TIME INDEX 

I NIT COUNTER 

SET MASK VALUES IN Rl 

ISOLATE DIGITS 

THRU? 

NO 

RESET TIME INDEX^ 

I NIT COUNTER 

PUT NEW MASK IN Rl LEFT BYTE 

ADD >40 TO DIGIT 

THRU? 

NO 

ALARM OR CURRENT TIME SET? 



JtlU 



I 1 



K\ Ka*A TTMC: UA«3 CiPT 

INIT Ull 9901 TIMER TO 200 MS. FOR TOD CLOCK 
LI R12.>400 SET CRU BASE ADRS TO 9901 



LI Rl.CT 



GET TIMER VALUE 



LDCR Rl. 15 START TIMER 
SBZ SWITCH 9901 TO INTRPT MODE 

SBO 3 ENABLE 9901 INTRPT 3 

INIT UIO 9901 TO 1 MS. FOR DISPLAY REFRESH 

LI R12. >0 SET BASE ADRS TO UIO 9901 

GET TIMER VALUE 



T6 



LI Rl.DT 

LDCR Rl. 15 
SBZ 
SBO 3 
SBO 6 
LIMI 4 

XOP eDM. 14 



START TIMER 

SWITCH 9901 TO INTRPT MODE 
ENABLE UIO 9901 INTRPT 3 
ENABLE INTTRPT 6 ON UIO 9901 
ENABLE 9980 INTRPT 4 

PRINT 'TOD ' WITH TIME 



Figure 9-30. 
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031A 


03D6 


0089 


031C 


8820 




031E 


03DA 




0320 


03D2 


0090 


0322 


160B 


0091 


0324 


8820 




0326 


03DC 




0328 


03D4 


0092 


032A 


1607 


0093 


032C 


0200 




032E 


OOOA 


0094 


0330 


C040 


0095 


0332 


0202 




0334 


1388 


0096 


0336 


06A0 




0338 


0220 


0097 


033A 


8820 




033C 


03E0 




033E 


03CA 


0098 


0340 


lAFC 


0099 


0342 


6820 




0344 


03CA 




0346 


03E0 


0100 


0348 


0201 




034A 


0100 


0101 


034C 


B801 




034E 


03DD 


0102 


0350 


9820 




0352 


03DD 




0354 


03C3 


0103 


0356 


1626 


0104 


0358 


D820 




035A 


03CE 




035C 


03DD 


0105 


035E 


B801 




0360 


03DC 


0106 


0362 


9820 




0364 


03DC 




0366 


03C2 


0107 


0368 


161D 


0108 


036A 


D820 




036C 


03CE 




036E 


03DC 


0109 


0370 


B801 




0372 


03DB 


0110 


0374 


9820 




0376 


03DA 




0378 


03C0 


0111 


037A 


IBOA 


0112 


037C 


9820 




037E 


03DB 




0380 


03C1 


0113 


0382 


1610 


0114 


0384 


D820 




0386 


03CE 




0388 


03DB 


0115 


038A 


B801 




03SC 


03DA 


0116 


038E 


lOOA 


0117 


0390 


9820 



SDSMAC 



T7 



3.1 # 11:03:41 FRIDAY, DEC 22, 1978. 



C eiM, SAL COMPARE ALARM: CURRENT TIME 



PAGE 0004 



JNE T7 

C €TM+2, SAL +2 



JNE T7 

LI RO, >A 

MOV RO, Rl 

LI R2, >1388 

BL eWE 

c STK, esc 



JL T7 

s esc, eTK 



SET UP IKHZ, 5 SEC. TONE 
FOR WAVE CYCLE SUBROUTINE 

60 SEC. ELASPED? 



NOT YET 

YES-UPDATE TICK COUNTER 



LI Rl,>0100 PUT A BYTE OF 1 IN Rl 

AB Rl,eTM+3 ADD ONE MIN. 

CB eTM+3, SMV+3 ADD TO TEN MINS? 



JNE T9 NO 

MOVB eAO, eTM+3 YES-8c SET MIN. TO ZERO 



AB Rl,eTM+2 

CB eTM+2, eMV+2 ADD TO HOURS? 



JNE T9 

MOVB eAO, eTM+2 



AB Rl,eTM+l 
CB eTM, eMV 



NO 

YES-ScSET TEN MINS TO ZERO 



OVER 2000 HOURS? 



JH TS YES 

CB eTM+l,eMV+l HRS. OVER 9? 



JNE T9 NO 

MOVB eAO, eTM+1 YES-SET HRS TO ZERO 



AB Rl,eTM 



AND BUMP TEN HOURS 



T8 



JMP T9 

CB eTM+1, eA4 HRS OVER 3? 



Figure 9-30. 
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TODCLK 



5DSMAC 



3. 1 ♦ 



11:03:41 FRIDAY* DEC 22. 1978. 



PAGE 0005 



0118 
0119 



0120 



0121 
0122 
0123 
0124 



0392 
0394 
0396 
0398 
039A 
039C 
039E 
03A0 
03A2 
03A4 



03DB 
03D0 
1606 
0820 
03CE 
03DB 
D820 
03CE 
03DA 
10B9 T9 



0125 
0126 
0127 



0128 
0129 



0130 

0131 

0132 

0133 

0134 

0135 

0136 

0137 

0138 

0139 

0140 

0141 

0142 

0143 

0144 

0145 

0146 

0147 

0148 

0149 

0150 

0151 

0152 

0153 



03A6 

03A8 

03A9 

03AA 

03AB 

03AC 

03AD 

03AE 

03AF 

03B0 

03B2 

03B4 

03B5 

03B6 

03B7 

03B8 

03B9 

03BA 

03BC 

03BD 

03BE 

03C0 

03C2 

03C4 

03C6 

03C8 

03CA 

03CC 

03CE 

03D0 



03D2 
03D4 
03D6 
03D8 
03DA 
03DC 
03DE 
03E0 



ODOA EF 
41 
20 
4F 
52 
20 
54 
20 
3F 
0000 
ODOA ET 
54 
49 
4D 
45 
3F 
20 
0000 

41 AT 
54 
2359 LM 
313A MV 
363A 
9F00 TB 
0000 ZR 
0100 CI 
012C SC 
0900 C9 
3000 AO 
3400 A4 

« 
0000 AL 
0000 
544F DM 
4420 

0000 TM 
0000 
2000 
0000 TK 



03F0 
03F0 05A0 



« 
* 

IS 



03F2 03E0 

0154 03F4 020C 

03F6 0400 

03F8 1D03 



0155 
0156 



JNE T9 

MOVB SAO, STM+l 



MOVB «A0, STM 



JMP T6 

DATA >ODOA 
TEXT 'A OR T ?' 



DATA 
DATA >ODOA 
TEXT 'TIME? 



DATA 
TEXT 'AT' 



DATA 
DATA 
DATA 
DATA 
DATA 
DATA 
DATA 
DATA 
DATA 
DATA 



>2359 

>313A 

>363A 

>9F00 



>0100 

>12C 

>0900 

>3000 

>3400 



DATA 
DATA 
DATA >544F 
DATA >4420 
DATA 
DATA 
DATA >2000 
DATA 



NO 

YES-SET HRS TO ZERO 



AND TEN HRS TO ZERO 



CO DISPLAY IT 

CR.LF 

FUNCTION PROMPT 



CR>LF 

TIME PROMPT 



FUNC. COMPARISON TEST 

LIMITS FOR TIME 

ASCII LIMITS FOR HRS AND MINS 

CHECK VALUE 

CHECK VALUE 

BYTE CONSTANT - 

BYTE CONSTANT - 1 

NO. OF TICKS IN A SEC 

BYTE CONSTANT - 9 

HOW 1.x w 
ASCI I '4' 

ALARM TIME 

ASCI I 'T' AND '0' 
ASCII 'D' AND SPACE 
CURRENT TIME 

DELIMITER FOR CHAR STRING 
CLOCK TICK COUNTER 



INTERRUPT SERVICE ROUTINE 



03FA 0380 12 



Figure 



AORG >3F0 
INC ©TK 

LI R12, >400 

SBO 3 
RTWP 



BUMP CLOCK TICK COUNTER 

SET CRU ADRS TO 9901 

CLEAR 8. REENABLE 9901 INTRPT 
RETURN-REVERSE CONTEXT SWITCH 



9-30. Listing of Clock Program 
(Continued) 
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TODCLK SDSMAC 3.1 » 11:03:41 FRIDAY. DEC 22, 1978. 

PAGE 0006 

0157 * 

0158 0250 END TC 
NO ERRORS 



Figure 9-30. Listing of Clock Program 
(Concl uded) 
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Once the operator has selected the appropiate function, the 
program then displays a prompting message to the operator for the 
time desired. The operator enters the four digits of either the 
alarm time or the current time. The program checks for the validity 
of these characters to ensure that it is a valid time; that is, 
that the series of digits constitute a decimal value between 
and 2359in. Once the time has been validated, it is converted 
to ASCII^'characters and saved in memory locations AL and AL + z 
(in the case of an alarm time) or memory locations TM and TM + 2 
(in the case of the current time). 

If an alarm function is selected by the operator, the operator 
enters the selected alarm time and, once the alarm time has been 
validated and set in memory, the function prompt is again issued 
to the operator. At this time, the operator may enter another 
A character to change the alarm time. The alarm time can be reset 
as often as necessary. Once the alarm time has been finalized, 
the operator then enters a T character in response to the function 
prompt to indicate that the current time is to be set. The program 
receives the entered characters indicating the current time and 
validates them as it did for the alarm time. As soon as the current 
time is validated and set, the program then activates the 200- 
millisecond real-time clock with the series of instructions beginning 
at location 2F6i6. Register 12 is loaded with Jhe value AOOig 
to establish the CRU base address to the "display TMS 9901. The 
timer command for a 200-mi 1 1 i second delay (which is 30D5ig) is sent 
to the TMS 9901 device with the LDCR instruction at location 2FEig. 
The SBZO instruction at 1 ocation 300. g sets the TMS 9901 to interrupt 
mode, and the SBO 3 instruction at location 302, g enables the TMS 
990rs interrupt level three (which is the level of interrupt for 
a TMS 9901 interval timer). The series of instructions beginning 
at location 304ifi initializes a 1-mi 1 1 i second interval timer on 
the "user" TMS 9901 at location UIO on the TM 990/189. Thi^s 1- 
millisecond interval timer is used to ensure a periodic refresh 
of the characters that are being di spl ayed on the on-board terminal. 
This 1-millisecond interval timer is presented to the TMS 9980A 
as a level-one interrupt. The interrupt vector for level one is 
initialized by the monitor when the board is powered up or reset. 
Notice that it is necessary to execute an SBO 6 instruction^ a-t 
(location 312,^) in order to pass the level-four interrupt from 
the display TMS 9901 to the user TMS 9901 so that both interrupts 
are compatible within the system. 

Once the interval timers have been initiated, the program is 
active and will begi n di spl aying the current time of day by di spl ayi ng 
the characters "TOD " along with the four characters constituting 
the hours and minutes. The XOP instruction at location 318i6 is 
used to display the characters. The time of day selected by the 
operator has been set by the program in memory location TM. The 
program compares the current time of day with the selected alarm 
time, and, if the two times are equal, the program activates the 
speaker to produce a 1-kHz, 5-second tone. If the current time 
is not equal to the alarm time, the program continues monitoring 
memory location TK. Location TK is the memory cell that is used 
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by the real-time clock interrupt-service routine to record the in- 
dividual cl ock ticks. The program moni tors thi s 1 ocation to determi ne 
when 60 seconds has expired. When this occurs, the program then 
updates the current time of day and returns to the memory location 
labeled T6 where the updated time of day is displayed and the 
current time of day is again compared to the alarm time. 

Beginning at label EF, the program's data constants and data 
variables are defined. Notice that the ASCII characters indicating 
the current time of day are stored in 4 bytes of memory beginning 
at the location labeled TM. Immediately preceding these 4 bytes 
holding the current time are 4 bytes (labeled DM) which hold the 
ASCII characters "TOD ." The XOP 14 instruction at label T6 will 
display the string of characters constituted by TOD and the four 
characters of the current time whenever the instruction is executed. 

The four instructions beginning at location 3F0ig constitute 
the entire interrupt-service routine. Notice that the interrupt- 
service routine has been made as small as possible in order to 
limit the amount of time spent at an "i nterrupt 1 evel . " The i nterrupt- 
service routine simply records the fact that a clock tick has occurred 
by incrementing the contents of memory 1 ocation TK and then addresses 
the TMS 9901 and reactivates the TMS 9901 level-three interrupt 
to enable the next interrupt from the device. The RTWP instruction 
reverses the context switch and causes an exit from the interrupt- 
service routine. 



Program Operation 

Once this program (along with the cycle generator program) 
has been entered into memory, the program counter may be set to 
the value 250ig and the program executed. (Do not forget to change 
the last instruction in the cycle generator program from a B to 
a B *R11 since itwill be accessed in this program by a BL instruction. ) 

The program begins by printing the message A or T? on the 
display. This prompting message asks the operator to choose the 
alarm or time function. The operator should respond by entering 
the character A or the character T. The A indicates that the 
operator wishes to set the alarm time. The T character indicates 
that the operator wishes to set the current time. 

Once the A or T character is entered, the program displays 
the prompting message TIME?, which is a prompt to the operator 
asking for a time to be entered. The operator should respond by 
entering four digits of either an alarm time or current time (the 
first two digits 00 to 23 for the hour and the second two digits 
00 to 59 for the minute). 

After setting the alarm time, the function-prompting message 
IS given again, at which time the operator may set a new and different 
alarm time by entering another A character, or he may now choose 
to select the current time by entering a T character. 
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When the T function has been selected, the prompting message 
TIME? is given, and the operator should respond by entering four 
digits indicating the current time expressed as a 24-hour clock 
vaflue as with the A function. As soon as the operator has entered 
the current time (assuming a valid value), the program immediately 
initiates the interval timers and begins maintaining the time of 
day based upon the value entered by the operator. 

The program displays the characters TOD (indicating time of 
day) along with four digits showing the current time of day. This 
display is updated each minute. If the operator has set an alarm 
time, the program will sound the speaker for a 5-second period 
when the alarm time is reached. As long as the program is kept 
active it will maintain and display the current time of day. 

9.8 SUMMARY 

This chapter is a study of software engi neering. Software eng- 
ineering begins with the decision of which system functions to 
implement in software rather than in hardware. 

In developing the software, the designer can apply the metho- 
dologies of top-down design, structured programming, and program 
modularity, each of which can potentially increase the speed of 
development, ease the debugging task , and improve the documentation. 

The individual programs composing the system must reside in 
memory together. Techniques for linking programs together have 
been discussed, including ROM/RAM partitioning, the use of memory 
maps, the use of assemblers producing relocatable object code, and 
the use of relocating loaders. 

-■.. . -•_j. J...J.S «r .•»4.<Nw..».in'i-r> An*-n a cuc + om Hocinn aHiic another 

ine introuuttioMui iiiuciiu|ji.oiiiv.w«jjjv<-... ^.w-..^.. 

level of complexity. Special considerations have been discussed 

which should be given to the structure of i nterrupt-service routines 

in a real-time application. 

Many real-time applications include a real-time operating system 
which can add another degree of f 1 exi bi 1 i ty to a system application 
design. 

9.9 EXERCISES 

1. What two main advantages does a software approach have 
over a hardware approach to a system function? 

2. What considerations might lead to a hardware approach rather 
than a software approach? 

3. When compared to high-level language, assembler language 

normally produces a faster time, but a slower 

time. 
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4. Consider an appl ication program desi gned to accept a number 
consisting of up to four decimal digits from a keyboard, followed 
by either a plus sign or a minus sign, and a second number consisting 
of up to four other decimal digits. The second number is either 
added to the first or subtracted from it depending upon whether 
a plus sign or a minus sign was entered. The digits entered must 
be checked to ensure that they are decimal digits and the operation 
character entered by the operator must be checked to ensure it 
is either a plus sign or a minus sign. After the program calculates 
the answer, the result is displayed. Use a top-down design to 
create a block diagram of the program, 

5. Use structured programming techniques to develop a flowchart 
of the above program. 

6. Flowchart the following program segments and identify the 
type of program structure used. 



(a) 



(b) 





MOVB 


G»CT,RO 




JEQ 


AA 




AB 


RO,0C1 




J MP 


AB 


AA 


AB 


R0,@C2 


AB 


MOVB 


R0,@KN 




LI 


R0,0 




LI 


R3,>1D00 


Z 


MOV 


R0.*R3+ 




CI 


R3,>1E00 




JL 


Z 



(c) MOV @IM,R0 

ANDI R1,>7F7F 

SOC R1,R0 

MOV RO,@RG 



d) 



DW 



OT 



C 

JGT 

JEQ 

NEG 

JMP 

C 

JGT 

INC 

JMP 

B 



@A,@B 

DW 

OT 

@A 

OT 

@A,@C 

OT 

@A 

DW 

*R11 



7. From the program example, identify 
module communication and linkage techniques. 



the following inter- 
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(a) Why is memory location OZBOig used as the starting 
address of the TODCLK program? 

(b) How is the entry point of the cycle generator 
program identified by this program? 

(c) What mechanism is employed to J ink together^ this 
program and the user-accessibi e uui..u.^^ •■■ -■>. 
firmware monitor? 

(d) How does the level-four interrupt-service 'routine 
communicate to the main program that a clock 
tick has occurred? 

8. In the program example, which memory addresses contain var- 
iable data that must be implemented in RAM? 

rhTLs\"bVpUce5'inRAS"'Ve%Sreto Include the cycle generator 
program. ) 




pi ac( 
beg 

addi t^- V...- ^ . . 

the number of ROM components required. 




fr ?Xr r.lTsol ^ir^l^" ijcl uied-';UM n Ju^rocess^^^ 

reVe^ rarf!recrVe^iTd"an^d"7he°n" tur^n^^'oV^a/^r ttent^h 
of a second! The CRU hardware base address for the CRU- bit is 309i6. 




PUT "FROM" ADRS IN R2 
PUT "TO" ADRS IN R3 
PUT THE CHAR COUNT IN R4 
LP MOVB *R2+,*R3+ MOVE A CHAR 

THRU? 
NO 
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LI 


R2,A1 


LI 


R3,A2 


MOV 


@CT,R4 


MOVB 


*R2+,*R3+ 


DEC 


R4 


JNE 


LP 



9.10 LAB EXPERIMENTS 

1. Modify the program example to maintain the alarm time and 
current time as BCD digits rather than as ASCII characters. 

2. Modify the program example to convert it from a 24-hour 
clock to a 12-hour clock with AM and PM indication. Display the 
time of day as the series of characters HH:MM AM or HH:MM PM (where 
HH indicates the current hour and MM indicates the current minute). 

3. Modify the program example to maintain and display the 
current second as well as the current hour andminute. Additionally, 
modify the program to produce an audible beep on the speaker eyery 
second. A routine resides intheUNIBUG firmware to produce a short, 
2.5 kHz beep. This function can be abtained with the following in- 
struction: 

BLWP G»3008 

4. Develop a program that functions as a countdown timer. 
Allow an operator to input the countdown value as hours, minutes, 
and seconds. Count down the time and turn on the speaker when 
the time has expired. 

5. Develop a program to function as a stop watch. When the 
operator presses a key, record the elapsed time (by updating a 
series of memory locations) until the LOAD switch is activated. 
At that time, examine the memory locations to read the elapsed 
time. Record the time to tenths of a second. 

6. Develop a program to simulate a real-time operating system. 
Assume there are four tasks in the system. Each task is assigned 
a period of time and an order of execution as follows. 



Task 0-4 seconds 
Task 1-3 seconds 
Task 0-4 seconds 
Task 2-3 seconds 
Task 0-4 seconds 
Task 3-2 seconds 

Each task has an ID code of to 3. As each task is executing. 
It displays its ID as a BCD value on the four user-addressable 
LED's. 

1. u*^' ?!^®^°P ^ program to produce the illusion of a rotating 
light on the four user-addressable LED's by lighting one light at 
a time in sequence at a periodic interval. The sequence of liahts 
should be as follows. ^ 
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• 














• 














• 














I 


• 














• 









8. Modify the above program to allow the operator to vary 
the speed of "rotation." As an example, the operator might enter 
the digit 1 for the slowest rotation and the digit 9 for the 
fastest rotation. The decimal digits between 1 and 9 would represent 
a relative rotation speed between the slowest speed and the fastest 
speed. 



9. 
cise 4. 



Utilize the TM 990/189 to develop the program in Exer- 
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CHAPTER 10 
PRODUCT DEVELOPMENT 



10.1 INTRODUCTION 




if'an''idertoVh7"de'lTv"'ery''oV'a' pVoduct, for a microprocessor-based 
system. 

10.2 PRODUCT DEVELOPMENT OVERVIEW 

Figure 10-1 presents a general flowchart i denti fying the major 
steps in developing a microprocessor-based system from both the 
hardware and software development viewpoints. Even though the steps 
mav be different, it is apparent that there is a remarkabl e degree 
of similarity in Structure in the two paths. Si nee the primary thrust 
of this booV more closely related to the software effort, more 
attention is given to that area rather than the hardware area 
in the remainder of this chapter. 



ntry point is conception--that instant when the idea for 

is born--the point that someone some time asks the ques- 

' don't we build a newer and better gizwidgit? From that 



The ei 
a product 

piint, the remai'nder'of the effort begins to take some form. 



The next step is product definition. It is here that some of 
ost important work is done, since a poor definition hi nders the 
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mm 

ffWLYSIS 



a)ST/SCI£DUL£ 
COKTRDL 



DESIGN 

AWLYSIS 

BREMHM) 



DEVELOP 



DEBUG 



/^ CONCEIVE ^ 
V IDEA J 

DFINE 

REOiifeers 

zn 



SYSTEM 
DESIGN 



» i^ 



I 



IMTEBRATE 

IE 



DEBUG 



I 



TEST 



DELIVER 




E^EI^CERING 
WWLYSIS 



1 



DEBUG 



DEVEjOP 



u 



FlflCHART 

WRITE CCDE (M\ EDITO) 

DEBUG 

SIMULATE 



Figure 10-1. Project Development Flowchart 
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objectives are 

realized. To 

breadboarding, and debugging. 

writing, executing, and debugging 

Sen?"proc:edsV*thrVir;rsigns of life of the product begin to 
appea?"and It Is here that engineering has some of its greatest 
emotional rewards. 



Development is the stage wherein the design 

the hardware designer, this implies ci rcui t aesign. 

To the software designer, it means 

code. Up to this point, the 

been "on the drawing boards." As develop- 




The final steps, testing and del i very , appear to be far simpler 
than they really are. Aitnougn not 
testing, the wise manufacturer 
program will save h 
same token, the mann 

held calculators to electronic pinbal 1 machines, can 
or deteriorate the customer's willingness to continue 



knows that a good final testing 
much effort in customer relations. By the 
in which a product is delivered, from hand- 
either enhance 
as a customer. 



are discussed 
reader in some 



In the remainder of this chapter, these areas 
in Greater detail, with the aim of enlightening the ^ • ^ 
aspects of engineering which hitherto might have gone underemphasized. 



10.3 PRODUCT DEFINITION 

The detailed discussion of Figure 10-1 will be clearer if a 

specific product is used as an example. Since "^o^^, ,'"\c^°PJ'°""?^ 
^ ,. -^."i- ,• ^1 «..v.,,«co a rnntrniipr Will be chosen to 

applications dre spcv, i a i -pu. k«^v. , « 7 ' ' c • *,i.i « <;«v. +w-i c Hi c_ 

illustrate the hardware decisions to be made. Suitable for thi s dis- 
cussion is an elevator controller for a four-story building. This 
is the conception that initiates the entire process to be discussed 
in the next several pages. Having conceived the idea, the next 
step is product definition. 

The controller is configured in this way: The first and fourth 
floors have one call button each (upon the first, down on the 
fourth) and floors two and three have two each (up and down). 
Each floor has alight associated with each call button to indicate 
unserviced requests. Each floor has two approach switches, and 
a floor-level switch to control elevator speed. Inside the car are 
four switches and lights to indicate destination requests and four- 
numbered 1 ights indicating approaching floors. The motor i s control led 
by two lines, one for direction and one for speed. The speed contro 
is pulse-width modulation. A steady logic ONE results in full speed, 
a steady logic ZERO results in zero speed. Intermediate speeds are 
controlled by proportional or variable duty-cycle P"\se^ trains. 
The last line is the door-control line. FigUre 10-2 illustrates 
the basic interface diagram of this system. The controller is housed 
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CALL 
BUTTONS 



DESTINATION 
BUTTONS 



FLOOR-LEVEL & 
APPROACH 
SWITCHES 






D 



D 



D 
Q 
Or 



CONTROLLER 



-n 



CALL 
INDICATORS 



-D 



-D 



<J 



-D 



DESTINATION 
INDICATORS 



-D 





MOTOR 
CONTROL 












DOOR 
CONTROL 









Figure 10-2. Elevator Controller Interface Diagrai 
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in the elevator equipment 
manual-override capability 



room for ease in maintenance, and 
for the sake of safety. 



has 



This is a highly simplified product specification. In practice, 
the detailed specifications comprise a formal document several pages 
long, including such things as 

° Environmental constraints 

° Target price 

° Packaging constraints 

® Power limitations. 

For the moment, the details already provided are sufficient 
to begin the system design effort. As the need for more detail 
that detail will be defined. In the world of engineering. 



an ses 



it 
of 



IS a rare 
time. 



experience 



indeed when all the details are known ahead 



10.4 SYSTEM DESIGN 

Having defined the system, the next step i s to consider alternate 
approaches to the design. The task of evaluation i s especial ly 
complex in the area of controller design, because there are 
many options. A full treatment of this is beyond the scope 
this book, but a few words are in order to indicate 
major considerations. 



some 



so 
of 
of the 



Random Logic Controller 

One approach to control 1 er desi gn is called random logic. With 
this approach the designer converts the product definition into 
a logic diagram, which is realized with a collection o. sma..-, 
medium-, and large-scale i ntegrated circuits. Thi s approach is gen- 
erally appropriate when the resulting design uses fewer than about 
50 integrated circuit devices, or when a high-speed requirement 
dictates it. For example, magnetic-disk memory controllers are 
often designed using this technique because of the speed requirement, 
even though the resul ting desi gns may use well over a hundred smal 1 - , 
medium-, and large-scale IC's. 

A major drawback to random logic design is the difficulty of 
correcting errors. This difficulty increases drastically toward 
the end of the devel opment effort. There are ways to guard against 
this, and when a random logic design is appropriate, the designer 
builds in certain "safety exits," to be used only in the event 
of a last-minute change. 



ROM-Driven Controller 



There 



Another approach to consider is a ROM-controlled state generator, 
are many variations to this, but Figure 10-3 illustrates a 
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CLOCK 



Figure 10-3. ROM-Controlled State Generator 

SnmKi'*^^^^°^L*^^'^l''^'"' ^" ^^^^ system, the ROM decodes the state 
number from the state generator, producing an output, an input 
selector, and a pair of next states. An input multiplexer selects 
which of several possible inputs are 
to the state generator. The 

which state to go to next. With this approach, hardware design 
can proceed very quickly, since all the control is in the ROM. 
In this respect, this type of controller is very similar to 
processor-based controller. 



requested and passes the input 
state generator uses this to select 



a micro- 



A major limitation of the ROM-driven controller is the difficulty 
of debugging and modifying the control logic. Often the state flow 
diagrams take many pages to draw, and tracing through them to find 
the source of an error can be quite an undertakinq. 



licroprocessor-Based Control 1 er 



K.c.H 5 .^^^ approach to be considered here is microprocessor- 
based design. Many questions need to be answered; these fall into 
a few broad categories. The first is simply "Should a microprocesso? 
Within this category are the following considerations. 



be used?" 



Will 
Will 
Will 
Will 



the manufacturing cost be reduced? 

the share-of-market be enhanced? 

product capabilities be improved? 

there be any impact on future devel opment efforts? 
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nf thpse four questions, the share-of-market idea and future 

Get a good product into the marketplace as s ,^ ^^^^^ ^.^^ 

tr'a'^ord'tirh iq Vriiany pV"od'uc\°s° 0/ any complexity at all. 
is a gooa ^^(-niMHuc^ ^ ^^^^ Hoc-inn t.prhnioue. 
microprocessors ofier a yv^v^v. ^v.-.^.. — 

^ + ,-«n of future development enhancement is often of 

The question of \"Vi7tnrmanufacturer doing hi s fi rst micro- 

•ime importance, especially to a manufacturer ooinyr A^^un 




the major factors 



consi der: 



° ''■°!"can"a'h'a''rdVare function requiring along-lead-time 
nart be done in firmware? . 

- ?an a subroutine be written and debugged ,n les 
time than a circuit can be designed and tested? 

" Budget 

° ''*'"!°A?e\he total hardware skil 1 s better than the total 

- cfnThrneclUary expertise be acquired quicklyT 
° Flexibility: Can changes be made easily? 

*> Technical risk 

** Microprocessor capability 

" Off-the-shelf hardware availability 

° Off-the-shelf software availability 

° Interfacing requirements 

*> Reliability, both hardware and software. 
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Design Considerations. In the system design stage, there are 
usually a numoer ot design considerations in both hardware and 



software* 
are 



Depending on the nature of the product, examples of these 



Hardware 

Type of construction 

- PC Board (logic density, 
or how many layers?) 

- Wrapped wire 
Environmental constraints 
Standard components 
Documentation 



Software 

Modul ari ty 
Standardized subroutine 

interfacing 
I/O f ul ly i nterrupt mode 
Documentation 



r?^^..?rK''^'/^^^^?^^^^°^^^^ advantage of existing microcomputer 
circuit boards, such as the TM 990/189. It is possible that in 
many appl ications, the hardware desi gn cost can be reduced substanti- 
ally by using such a board. Also, the on-board firmware can be 
used to enhance software development. 



10.5 SYSTEM DEVELOPMENT 

m;,toH°2nH JJ^i ^ i^op roce s s r is selected, memory requirements are esti- 
mated and the external interface is defined. Hardware development 
can proceed concurrently with software develoi eveiopmem: 




frnm ^"^"ost design projects, the software development can benefit 
from a team effort. In its simplest form, a team migh? be only 



two persons: 
subroutines, 
project. 



one working on the main program. 
Good teamwork can be the key to 



gnz DC only 
the other on the 
the success of the 



Special Software Aspects 
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Figure 10-4. Hardware Switch Debouncing 
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Figure 10-5. Software Switch Debouncing 
system software design for the elevator controller ex- 



'lY the I/O software must be developed in close conjunction 
I/O hardware. Signal polarities, I/O port numbers, and 



tradeoffs between software and 



Clear 
with the 1/ 
timing requi rements usually involve 

hardware. 

A good example of the tradeoff decisions to be made is switch 
debouncing. It is a fact well-known to hardware designers that 
when a switch is opened or closed, there is a transition period 
roSShly depending on the physical size of the switch ^"^^"9 whif^ 
the state of the switch alternates rapidly and randomly. This is 
called switch bounce. In high-speed circuits, it is ^^e same as 
many openings or closures in a brief period of time. On closure, 
bounce is caused by the switch armature 1 i teral ly bounci ng against 
the sLtVr. On ope'ning, it is caused ^V ^surface irreguarities 
applications, it is necessary to P'^ovide a bounce-free 
10-4 illustrates a common way of doing this in 
10-5 illustrates a common way of handling 



In many 

input. Figure 
hardware, and Figure 
it in software. 



In some appl ications hardware debouncing is preferred, whereas 
in others software debouncing is more appropriate. In a few cases 
the decision maybe clearcut. but careful cost /performance/reli- 
ability analysis is usually required. 



481 



In general, the I/O software development should be concerned 
not only with the hardware/software interface but also with the 
format in which information is passed to the controller logic. 
In this respect, the checkout software must simulate the controller 
logic to a certain extent. 

For example, in the elevator controller a subroutine is called 
to determine which call buttons are depressed. In the production 
system the routine scans the call buttons and returns a floor number 
and direction. The internal logic of the routine obviously depends 
on the arrangement of the switches. The development system has a 
different input configuration, so the corresponding routine reflects 
this. For example, using only the Universi ty Board as a development 
tool necessitates employing the keyboard as an input device. There 
is in firmware a routine that scans the keys and returns a number 
indicating which one is depressed. An intermediate routine is 
necessary to decode the key number into a floor and direction number. 

Hardware Development Technique 

Since the main thrust of this book is software-oriented, most 
of the emphasis has been on software. Nevertheless, there are some 
microprocessor-related hardware development techniques to be con- 
sidered. Generally, in hardware development the basic steps are 

** Block diagram 

** Circuit design 

** Breadboard 

** Prototype. 

Ideally, the design is not released to the manufacturing group 
until all these things have been done to the satisfaction of the 
project manager. In practice, however, the design may be released 
to manufacturing as early as the beginning of the breadboard phase, 
due to the long setup tiipe often required. Therefore, it is impor- 
tant to perform the first two steps very carefully so as to minimize 
the redesign required by discoveries made during the breadboardinq 
and prototyping phases. 

In general, the breadboards shouldireflect the anticipated final 
configuration as much as possible. This may help uncover potential 
problem areas such as heat dissipation, mechanical clearances, etc. 
Wrapped-wire is often a good technique for breadboarding digital 
circuits, because it is neat, is easily modified, and makes durable 
connections. A wrapped-wire breadboard can be constructed about twice 
as fast as a solder-type breadboard. I 

10.6 SOFTWARE DEVELOPMENT 

A basic approach to software development is called "top-down" 
design. This is the method in which a hi gh-1 evel , functional program 
is written first, with only token subroutine calls to indicate the 
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overall structure of the program. 
Then, as development proceeds, 
more and more refinement becomes 
appropriate, and the program lit- 
eral ly evol ves to i ts final form. 

As an example of top-down 
design with respect to the ele= 
vator controller, see Figure 
10-6. The following discussion 
refers to this figure and des- 
cribes a typical development pro- 
cedure. 

The "initialize" block ini- 
tializes all the necessary vari- 
ables to represent an elevator 
waiting at the first floor with 
no calls to service, no passen- 
gers aboard, and the doors open, 
waiting for either a call or a 
destination. 

The "calls" block scans the 
call buttons, returning the num- 
bers of the floors and the di- 
rections requested. The "desti- 
nations" block scans the destina- 
tion buttons, returning the number 
gress" block examines the calls, 
to set motor speed and direction, 
destinations. 



C INITIALIZE J 

-—A ^ 

Q calls'^ 



( DESTINATIONS ) 



c 



PROGRESS 



J 



Figure 10-6. Top Level Flowchart, 
Elevator Controller 



of the floor requested. The "pro- 
destinations, and current state 
and clear appropriate calls and 



.^ ^u... -o,;p* the power of top-down devel opment in controller 
aoolications becomes apparent. All the I/O hardware interfacing 
fs'r ifglted to su^out^nes, which are ^el ected to represent e^^^r 
of several possible hardware configurations Jhefrt executable 



well look 1 ike the 1 i sting 



of several p 

code block in the devel opment process 

in Figure 10-7. 

It is important to recognize that the code of Figure 10-7 ^jes 
absol te]y Tthin functio'nal ly . It does, however provide the 
framework for the ultimate controler program. J^f oy:^^^^-"^^^ 
maininq is to put some functional code into IS Umtial |.^a^e ' 
CS (Call State), DS (Destination State), and PS (Progress State) . 

Once the overall program structure i s set, there begi ns a complex 
combination of analysis, code wri ti ng, reformulation and trad ng 
off, that cannot be described adequately because of ^!^\\"f ^ijf ^1% 
of ^ach program. The more experience an ^"^Vh. tot.l turn aroSnd 
able he is to plan his work so as to decrease the total turn-arounc 

time. 
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Figure 10-7. Top Level Controller Code 

An example of the decisions and tradeoffs that must be made 
IS apparent from Fi gure 10-7. A gross misuse of programmable memory 
IS obvious here, since 160 by tes are requi red for workspace registers 
alone. An approach that would be beneficial here is to use BL 
calls wherever possible. When different workspaces are required 
they can often be overlapped, so that a subroutine requiring only' 
say, four registers, might overlap another workspace by 12 regi sters.' 

A prime reason for using great care in software development 
IS the usually limited ROM space available for program storage. 
If the program requires 2200 words of ROM and only 2048 words are 
available, then either the programmer has to be more clever, or 
some of the program requirements have to be eased, or more ROM 
has to be made available. 

10.7 DEBUGGING, TESTING, AND DELIVERY 




^I^H^* ''^'"I""'l1 ^^^J "'^^^ ''"^^s ^^"^ exceptions, and should be 
ready to make them when necessary. 
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assures that the test 



unbiased. 



may appear at 
he is assured 



in that he has 
guide his efforts. If 
defined early in the 
the performance tests 
in the product defini- 



Performance tests are more important than they 

first. Thev are imporxam, tu uhc ^.u^ ov^n.e. , i^v.^ ^ j n 

of having a working product with known performance standards. Per- 
formance tests are also important to the designer 
a well-defined standard of performance to 
possible, the performance tests should be 
development effort. Often the creation of 
will expose potential weaknesses or omissions 
t i n . 

Having designed, developed, debugged, and proved the performance 
of a product, the next step, perhaps unc .ma. ^ ^ej. ,.---..- -w - 
This usually entails much more than just physical delivery of a 
piece of hardware. Often a certain amount of training is required. 

Depending on the product, the training may be for operators, 
maintenance people, management, o^^ a"y combination of these In 
some cases, the type of training required may affect some aspect 
of the product design. Operating manuals, maintenance manuals, 
and other types of documentation are usually required, especially 
for complex and more sophisticated products. 

Maintenance is often a key factor in the successful delivery 
of a product. Thus, the designer can expect that the customer s 
maintenance requirements will be reflected in the design. For in- 
stance if a customer has a short mean-time-to-repair (MTTR) re- 
Quirem^nt, a buil t-i n diagnostic program and modul ar hardware design 
quireuienu, a u ^ a o + h«*- hand the customer mav have 

miqnt neiu meet uHqv.. wh ^''^ ^w..*.. -, '-•-'- — ^ - 

a long mean-time between-f ail ures (MTBF) requirement, in which case 
the emphasis would go to high-reliability design, perhaps even to 
the extent of redundancy and fault-tolerant logic. 

The last phase of any system-design project is the support 
phase. Many projects require a certain level of continuous support 
beyond delivery to assist in system modi fication, software enhance- 
ments, trouble-shooting, etc. 



10.8 DEVELOPMENT TOOLS 



Just as the hardware designer needs the right tools for his job, 
does the software designer need proper tools. These tools take 
he form of hardware, firmware, and software carefully integrated 



s 

th 

into 



an 



effective means for software development 



To suDDort the 990/9900 series of microprocessor products, Texas 
instrument's'has developed a variety of tools. The TM fO/lOOM for 
instance, is a self-contained computer using the TMS 9900 micro- 
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processor, with 16 I/O pins and provision for a small amount of 
breadboarding on the board. There are similar boards in support 
of several of the major S-bIt microprocessors. These are usually 
nearly minimal conf i gurations , wi th the ability to expand wi th easi ly 
added attachments such as ROM, RAM, communications, and mass-storaqe 
peripherals. 

A key part of any devel opment system is the "operating system." 
Basically, the operating system is a set of programs, subroutines, 
and hardware that interface the development system to its user. 
Even the simplest microcomputer board has an operating system. 

The simpler systems, such as that on the University Board, 
are usually called "monitors." Monitors provide the basic functions 
of memory inspection and modification, terminal I/O, and in many 
cases some form of mass-memory I/O. Other operations maybe provided 
for the benefit of the user, such as simpl e hexadecimal arithmetic. 

Firmware-Based Development System 

The TM 990/302, shown in Fi gure 10-8 , i s an exampl e of a f i rmware 
development system. It is compatible with the TM 990 line and 
was designed specif ical ly as a software devel opment tool . It consists 
of one board which includes 

A single or dual audio-cassette interface 

" An EPROM programmer 

** An EIA port 

^ 4K bytes of RAM 

8K bytes of nonvolatile memory containing program- 
development firmware. 

The EPROM programmer has the option of programming several 
?Mc''^5?/°^^^°"""°"^^ "^®^ EPROM's, including theTMS 2708, TMS 2716, 
TMS 2516, and TMS 2532. The programmer can also program the EPROM 
version of theTMS 9940 single-chip microcomputer when this product 
IS released. 

The 8K bytes of nonvolatile memory on the TM 990/302 includes 
I ^®i! ^riJS'"' symbolic assembler, relocating loader, the firmware 
for the EPROM programmer, and a debugger. 

TM AnI']fnJ^.?^°''^°^ ^^ designed to be used with a TM 990/100 or 
TM 990/101 CPU board, a user-supplied terminal, power supply, and 
audio-cassette pi ayer/recorder to form a complete software develop- 
ment system. 

As options, a user also has available a chassis and additional 
memory boards. In addition, a BASIC language interpreter can be 
employed. 

The text editor within the firmware Is used to create a new 
source program or modify an existing source program. The source 
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Figure 10-8. TM 990/302 Board 



program can be stored on audio cassette and input to the symbolic 
assembler, which translates the source program into machine code 
and writes the resul tant machine code onto an object cassette, while 
at the same time writing a program listing to a hard-copy terminal 
used with the system. 



With the symbolic assembler on the 
create absolute programs which can be 
the firmware-resident loader. 



TM 990/302, 
loaded into 



the user may 
memory using 



The TM 990/302 software development system provides a user 
with a complete microprocessor development system for the creation 
of 9900 family software. 
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Floppy-Based Development System 

The next step in complexity of development tools is the complete 
software development system. This usual ly consists of a micro-powered 
minicomputer with an -adequate supply of memory, a keyboard terminal, 
a printer, and some mass memory, such as floppy disk or high-speed 
cassette tape. Floppy disks are rapidly superseding cassette tapes 
because of cost, performance, and reliability. For such a tool, the 
operating system provi des control of the entire system while supplying 
smooth control of the applications programs. 




The more complex operating systems are for more than one user 
at any given instant. This is called time-sharing. In most cases, 
this can radically increase the overall throughput of the system 
as compared to a single-user system. Throughput is a key factor 
in assessing the cost/performance rating for a development system. 

Texas Instruments has two purely software entries in the devel- 
opment tool category to be discussed here: AMPL* and POWER BASIC* 

AMPL is a high-level language designed to operate in a floppy 
disk system (FS990) for the purpose of prototyping microprocessor 
systems (see Figure 10-9). Some of its key features are 

^ Block-structured concepts and simple, concise syntax 
Straightforward interactive evaluation and display of 
expressions 

^ User- and system-defined procedures and functions 
Interactive display and modification of memory 

** Instruction assembly and disassembly 

** Symbolic debug. 

These features, and others, allow the user to develop support tasks 
for emulation, debugging, and evaluation to ease the microprocessor 
development effort. 

AMPL-based microprocessor prototyping 1 abs are available, com- 
plete with all the necessary hardware and software support to make 
the most of this language. 

POWER BASIC is a family of software products providing a wide 
range of capabi 1 i ties, f or a wide range of computer configurations, 



AMPL and POWER BASIC are trademarks of Texas Instruments. 
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Figure 10-9. AMPl System 



from TM 990 boards to fl oppy disk systems. This family of products 
adds to standard BASIC some features designed to support real-time 
control applications. Two members of this family are specifically 
intended for the TM 990/lOOM and /lOlM boards, with some memory 
expansion. Features such as two-user capability, audio-cassette 
storage/retrieval, and the interactive format of BASIC make this 
a very useful entry in the field of development tools. 

High-level Language 

For a large-scale development effort, the use of a high-level 
language is generally advisable, and often mandatory. Whereas 
assembly 1 anguage reflects the way the computer operates, high-1 evel 
languages reflect the way the programmer thinks. In most large 
appl ications, the result of using high-1 evel languages is a shorter 
development time. The price to pay for this improvement is addi- 
tional investment in a few key areas: 

•* Greater initial cost in development system software. 
** Programs that run slower and take up more memory space. 
" Usually greater effort i n I/O software interface devel - 
opment. 

The decision to use high-1 evel language as opposed to assembly 
language is sometimes hard to make, and is often very intuitive, 
influenced heavi ly on the experience of the participants. 

To describe al 1 of the hi gh-1 evel 1 anguages appl icabl e to micro- 
processor systems would be difficult in a short space since they 
are being developed at such a rapid pace. However, some of the 
key languages that have come to the forefront and will apparently 
stay for a while are BASIC, Pascal, and PLM. Of these, the one 
with probably the greatest potential is Pascal, because of its 
structure, power, and self-documenting characteristics. The in- 
terested reader can see references for a full treatment of the 
language. The others mentioned above, although well entrenched in 
microprocessor use, suffer from lack of speed, power, or intel- 
ligibility. 

This chapter is an overview of the development process, to 
prepare the student for the real world of software engineering. 
However, there is no teacher and no course like that of experience. 
Thus, the reader is encouraged to actively seek out and develop 
microprocessor applications. The knowledge and skills gained in 
experimentation are invaluable assets for future work in micro- 
processor system development. 

10.9 PROGRAM EXAMPLE CONTINUED: MOTOR CONTROL RAMP GENERATOR 

In the previous discussion, an elevator controller was used 
as an example to illustrate some of the problems in software devel - 
opment. Since the unexpanded University Board wi 1 1 not provide memory 
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requirements for such a control- 
ler, only a portion of it will 
be used as an example. Recall 
tliat the motor driver is des- 
cribed as a variable-duty-cycle 
pulse train. This example gen- 
erates such a pulse train, and 
applies ii» i»o one Oi i^ne on^ 
board LED's. The brightness of 
the LED is approximately pro- 
portional to the speed of the 
hypothetical motor. The reader 
is encouraged to experiment with 
a variable-duty-cycle pulse 
train to verify that above about 
50 percent the duty cycle has no 
effect on the apparent bright- 

_-.- -rUJ_ £ ^ r^ *. i ^ ,, ^ ^ A i m *-fnn 

rie^^. I fl I d I aV. U 13 U3CU III l/IIC 

program design. 

The specifications are as 
fol lows. 
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CHANGE 
DIRECTIONS 
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Figure 10-10. 



Top-Level Flowchart, 
Ramp Generator 



A basic period of 10 mil- 

1 i seconds 

Ramp up and ramp down in 

three seconds 

Initially, the LED will be off. When 

is depressed, it will ramp up to full 

percent duty cycle). Thereafter, every 

results in a ramped change in state, during which the 

keyboard is ignored until the steady state has been 

reached. 



a keyboard key 
brightness (50 
key depression 



A top-level flowchart that indicates this operation is given 
in Figure 10-10. 

The keyboard is tested by using XOP 13 to simplify the effort. 
Any key besides Ret will result in a ramp. Ret causes a return 
to UNIBUG. 

The ramp is generated by using the TMS 9901 timer. A counter 
keeps track of progress in the ramp interval. This counter is 
used to compute the value required to set the timer. It is necessary 
to establish a procedure for loading the timer. Consider the follow- 
ing. 

The maximum interval is 0.01 second. Referring to Chapter 7, 
the reader can verify that the timer has to be set to 312 to yield 
a 0.01-second interval. In three seconds there will be a total 
of 600 timer timeouts. To meet these requirements, an intricate 
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scheme of multiplies and shifts is necessary. At this point, an 
alternative is proposed. A coding efficiency can be achieved by 
loading the timer with either 1/2 the count or 312 minus 1/2 the 
count, if the count is allowed to go to 624, rather than 600. 
This means a ramp interval of 3.12 seconds, or a 4 percent increase. 
In this application, that is quite acceptable, and the alternative 
is accepted. 

A detailed flowchart is presented i n Fi gure 10-11. Notice that 
to load the timer with a count of N, the value sent to the timer 
via LDCR must be 2*N+1. 

The code that excutes this routine is given in Figure 10-12. 
The reader is encouraged to experiment with variations of it, such 
as the ramp time, period, and keyboard logic as suggested in the 
lab experiments. For example, one might desire to ignore all keys 
except A and D for accelerate and decelerate. 

10.10 SUMMARY 

In this chapter the overall product-development effort is des- 
cribed with particular emphasis on the tradeoffs and decisions in- 
volved in most development efforts. The reader has seen some of 
these principles applied to a product example, an elevator control ler, 
and should now have a better understanding of the level of detail 
required at various stages of development. 

The program example has been given to il 1 ustrate a smal 1 develop- 
ment effort, including a decision to modify the original product 
description. Engineering projects are extensions of the principles 
il 1 ustrated in the example, and the reader is encouraged to involve 
himself as much as possible in the formulation and execution of 
engineering projects so as to better prepare himsel f for a productive 
engineering experience. 
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Figure 10-11. Detailed Flowchart, Ramp Generator 
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D2 


EQU 


12 


0016 




0000 


KR 


EQU 





0017 




0138 


MX 


EQU 


312 


0018 




0010 


LD 


EQU 


16 


0019 




0003 


CK 


EQU 


3 


0020 




0000 


U9 


EQU 





0021 


0200 




MW 


BSS 


32 


0022 


0220 




IW 


BSS 


32 


0023 


0240 
0242 


02E0 
0200 


ME 


LWPI 


MW 


0024 


0244 
0246 


020C 
0000 




LI 


R12, U9 


0025 


0248 
024A 


0200 
0001 




LI 


TM, 1 


0026 


024C 


33C0 




LDCR 


TM, 15 


0027 


024E 
0250 


0202 
0220 




LI 


WP, IW 


0028 


0252 
0254 


04E2 
0006 




CLR 


eM2<WP} 


0029 


0256 
0258 


04E2 
0008 




CLR 


eP2<WP) 


0030 


025A 
025C 


04E2 
OOOC 




CLR 


eD2<WP) 


0031 


025E 
0260 


04E2 
OOOA 




CLR 


ec2<wp) 


0032 


0262 


2F40 


LP 


XOP 


KR, 13 


0033 


0264 
0266 


0280 
ODOO 




CI 


KR, >0D00 


0034 


0268 


1316 




JEQ 


EX 


0035 


026A 
026C 


0201 
0220 




LI 


TP, IW 


0036 


026E 
0270 


C801 
0004 




MOV 


TP, evw 


0037 


0272 
0274 


0201 
029A 




LI 


TP, IE 


0038 


0276 
0278 


C801 
0006 




MOV 


TP, evp 


0039 


027A 
027C 


0300 
0001 




LIMI 


1 


0040 


027E 
0280 


04E2 
OOOC 




CLR 


eD2<WP) 


0041 


0282 
0284 


0200 
0271 




LI 


TM, MX+MX+1 


0042 


0286 


33C0 




LDCR 


TM, 15 


0043 


0288 
028A 


0200 
0800 




LI 


TM, >0800 



INTERRUPT VECTOR 

TIMER REGISTER 

TEMPORARY REGISTER 

POINTER REGISTER 

MODE REGISTER 

R3 OFFSET 

PHASE REGISTER 

R4 OFFSET 

COUNT REGISTER 

R5 OFFSET 

DONE FLAG REGISTER 

R6 OFFSET 

KEY REGISTER 

MAX COUNT 

LED OFFSET 

CLOCK MASK 

USER TMS9901 ADDRESS 

MAIN WORKSPACE 

INTERRUPT WORKSPACE 

MAIN ENTRY 



STOP TIMER 



CLEAR INTERRUPT WORKSPACE 



GET KEY 
RETURN? 

YES, EXIT 
SET UP VECTOR 



CLEAR DONE FLAG 
SET TIMER 

ENABLE INTERRUPT 



Figure 10-12. Program Listing, Ramp Generator 
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PAGE 0003 



0044 028C 

0045 028E 
0290 

0046 0292 

0047 0294 

0048 0296 
0298 

0049 029A 
029C 

0050 029E 

0051 02A0 

0052 02A2 

0053 02A4 

0054 02 A6 

0055 02A8 

0056 02AA 

0057 02AC 

0058 02AE 

0059 02BO 

0060 02B2 

0061 02B4 

0062 02B6 
02B8 

0063 02BA 

0064 02BC 

0065 02BE 

0066 02C0 
02C2 

0067 02C4 

0068 02C6 

0069 02C8 

0070 02CA 

0071 02CC 

0072 02CE 
02D0 

0073 02D2 

0074 02D4 

0075 02D6 

0076 02D8 

0077 02DA 

0078 02DC 

0079 02DE 

0080 02E0 

0081 02E2 
02E4 

0082 02E6 

0083 02E8 
02EA 

0084 02EC 

0085 02EE 
0086 

NO ERRORS 



3100 

C062 WT 

OOOC 

13FD 

10E6 

0460 EX 

300Q 

020C IE 

0000 

04C0 

3100 

C0C3 

1307 

0605 

1610 

0586 

lElO 

04C4 

04C3 

lOlD 

0585 AC 

0285 

0138 

1607 

0586 

IDIO 
0201 
0001 
ClOl 

COCl 

1012 

C104 CP 

1306 

0200 

0270 

6005 

lElO 

04C4 

1003 

C005 OF 

IDlO 

0584 

OAiO LT 

0260 

0001 

33C0 

0200 

08O0 

3100 

0380 RN 

0240 



LDCR I n, ** 

MOV €D2<WP)»TP 

JEQ WT 

JMP LP 

B e>3000 

LI R12, U9 

CLR TM 
LDCR TM, 4 

MOV MO, MO 

JEQ AC 

DEC CT 

JNE CP 

INC DN 

SBZ LD 

CLR PH 



CLR 
JMP 



MO 
RN 



INC CT 

CI CT,MX 

JNE CP 

INC DN 

SBO LD 

LI TP. 1 

MOV TP, PH 

MOV TP, MO 

JMP RN 

MOV PH, PH 

JEQ OF 

LI TM, MX+MX 



S 

SBZ 

CLR 

JMP 

MOV 



CT, TM 
LD 
PH 
LT 
CT, TM 



SBO LD 
INC PH 



SLA 
OR I 



TM, 1 
TM, 1 



WAIT FOR DONE FLAG 



INTERRUPT ENTRY 

DISABLE INTERRUPTS 

MODE? 

DECELERATE 
NOT DONE, SKIP 
SET DONE FLAG 
TURN OFF LED 
SET PHASE TO OFF 
SET MODE TO ACCELERATE 



LDCR TM, 15 
LI TM, >0800 

LDCR TM, 4 
RTWP 
END ME 



ACCELERATE 



NOT DONE, SKIP 
SET DONE FLAG 
TURN ON LED 



SET PHASE TO ON 

SET MODE TO DECELERATE 

PHASE? 
OFF, SKIP 



INTERVAL = 2*MAX-C0UNT 
TURN OFF LED 
SET PHASE TO OFF 



TURN ON LED 

SET PHASE TO ON 

GET INTERVAL INTO POSITION 

SET TIMER MODE BIT 

RETURN TO INTERRUPT MODE 



Figure 10-12. Program Listing, 
(Concluded) 



Ramp Generator 
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APPENDIX A 
GLOSSARY 



'"''iheTime interval between the request for information and the instant this information 
is available. 

accounting machine 

1 A keyboard actuated machine that prepares accountmg records. 
V A machine that reads data from external storage media, such as cards or tapes 
"■ and automatically produces accounting records or tabulations, usually on 
continuous forms. 

""T'dtL which stores a number and which, on receipt of another number, adds the 
two and stores the sum. 

'""The degree of freedom from error, that-is, the degt^e of conforrhity to truth or to a 
ruTe Accuracy is contrasted with precision. For example, four-place numerals are e^ 
precise than six-place numerals, nevertheless a properly computed four-place numeral 
might be more accurate than an improperly computed six-place numeral. 

'^'^'^ Acknowledge message sent upon a communication link to indicate the reception of 

. , . TT. .J ...:*u ,.^^^^ ^ot<»otr.rc in hlork and tree codes, 
correci aaia. uscu wun i^nwi uvw^vv,...- ... 



adder 

bits. 

address 

Ar 

memory device 



Switching circuit that combines binary bits to generate the Sum and Carry of these 
bits. 

Z expression, usually numerical, which designates a specific location in a storage or 



address format 



T The arrangement of the address parts of an instruction. The express on plu -one 
is frequently used to indicate that one of the addresses specfies the location of 
the next instruction to be executed, such as one-plus-one, two-plus-one, 

, r;":::el:"r Tarts of . .... address, such as those required for 
identifying channel, module, track, etc., in a disc system. 
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address register 

A register in which an address is stored. 

algorithm 

A term used by mathematicians to describe a set of procedures by which a given result 
is obtained. 

alphanumeric code 

A code whose code set consists of letters, digits, and associated special characters. 

ALU 

Arithmetic Logic Unit, a computational subsystem which performs the mathematical 
operations of a digital system. 

analog representation 

A representation that does not have discrete values but is continuously variable. 

arithmetic shift 

1 . A shift that does not affect the sign position. 

2. A shift that is equivalent to the multiplication of a number by a positive or 
negative integral power of the radix. 

array logic 

A logic network whose configuration is a rectangular array of intersections of its 
mput-output leads, with elements connected at some of these intersections. The 
network usually functions as an encoder or decoder. 

ASCII 

American National Standard Code for Information Interchange. The standard code, 
Using a coded character set consisting of 7-bit coded characters (8 bits including parity 
check), used for information interchange among data processing systems, 
communication systems, and associated equipment. The ASCII set consists of control' 
characters and graphic characters. Synonymous with USASCII. 

assemble 

To prepare a machine language program from a symbolic language program by 
substituting absolute operation codes for symbolic operation codes and absolute or 
relocatable addresses for symbolic addresses. 

assembler 

A computer program that assembles. 

asynchronous device 

A device in which the speed of operation is not related to any frequency in the system 
to which it is connected. 
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baud 

A unit of signaling speed equal to the number of discrete conditions or signal events 
per second. For example, one baud equals one-half dot cycle per second in Morse code, 
one bit per second in a train of binary signals, and one 3-bit value per second in a train 
of signals each of which can assume one of eight different states. 

Baudot code 

Information code used in data transmission. 

benchmark problem 

A problem used to evaluate the performance of hardware or software software or both. 

binary coded decimal (BCD) 

A binary numbering system for coding decimal numbers in groups of 4 bits. The binary 
value of these 4-bit groups ranges from QOOO to 1001, and codes the decimal digits "0" 
through "9". To count to 9 takes 4 bits; to count to 99 takes two groups of 4 bits; to 
count to 999 takes three groups of 4 bits, etc. 

block 

1 . A set of things, such as words, characters, or digits handled as a unit. 

2. A collection of contiguous records recorded as a unit. Blocks are separated by 
block gaps and each block may contain one or more records. 

3. A group of bits, or n-ary digits, transmitted as a unit. An encoding procedure is 
generally applied to the group of bits or n-ary digits for error-control purposes. 

4. A group of contiguous characters recorded as a unit. 

block diagram 

A diagram of a system, instrument, or computer in which the principal parts are 
4., J u.. „..;*„ui^ „co^,.;oto,4 nar.tvi»trioai fiaiiwc tn show both the basic functions 

and the functional relationships among the parts. 

bootstrap 

A technique or device designed to bring itself into a desired state by means of its own 
action, e.g., a machine routine whose first few instructions are sufficient to bring the 
rest of itself into the computer from an input device. 

borrow 

An arithmetically negative carry. 

branching 

A method of selecting, on the basis of results, the next operation to execute while the 

program is in progress. 
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buffer 

An isolating circuit used to avoid reaction of a driven circuit on the corresponding 
driver circuit. Also, a storage device used to compensate for a difference in the rate of 
flow of information or the time of occurrence of events when transmitting information 
from one device to another. 



bus 



One or more conductors used for transmitting signals or power. 



byte 

A sequence of adjacent binary digits operated upon as a unit and usually shorter than a 
computer word. 

calculator 

1. A data processor especially suitable for performing arithmetical operations which 
requires frequent intervention by a human operator. 

2. Generally and historically, a device for carrying out logic and arithmetic digital 
operations of any kind. 

call 

1 . To transfer control to a specified closed subroutine. 

2. In communications, the action performed by the calling party, or the operations 
necessary in making a call, or the effective use made of a connection between two 
stations. 

carry 

1. One or more digits, produced in connection with an arithmetic operation on one 
digit place of two or more numerals in positional notation, that are forwarded to 
another digit place for processing there. 

2. The number represented by the digit or digits in definition 1 above. 

3. Most. commonly, a digit as defined in definition 1 above that arises when the sum 
or product of two or more digits equals or exceeds the radix of the number 
representation system. 

4. Less commonly, a borrow. 

5. To forward a carry. 

6. The command directing that a carry be forwarded. 

carry look-ahead 

A type of adder in which the inputs to several stages are examined and the proper 
carries are produced simultaneously. 

cascade connection 

Two or more similar component devices arrarged in tandem, with the output of one 
connected to the input of the next. 
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central processor unit (CPU ) 

Part of a computer system which contains the main storage, arithmetic unit, and 
special register groups. It performs arithmetic operations, controls instmction 
processing, and provides timing signals and other housekeeping operations. 

channel ., -- i 

1 . A path along which signals can be sent, e.g., data channel, output channel. 

2. The portion of a storage medium that is accessible to a given reading or writing 

station, e.g., track, band. 

3. In communications, a means of one-way transmission. Several channels may share 
common equipment. For example, in frequency multiplexing carrier systems, 
each channel uses a particular frequency band that is reserved for it. 

ph *i rn c tc r 

A letter digit or other symbol that is used as part of the organization, control, or 
representation' of data. A character is often in the form of a spatial arrangement of 
adjacent or connected strokes. 

check bit 

A binary check digit, e.g., a parity bit. 

circuit 

In communications, a means of two-way communication between two pomts, 

comprising associated "go" and "return" channels. 

code 

1 . A set of unambiguous rules specifying the way in which data may be represented, 
e.g., the set of correspondences in the standard code for information interchange. 
Synonym.ous with coding scheme. 

2. I^^ telecommunications, a system of rules and conventions according to which the 
signals representing data can be fonned, transmitted, received, and processed. 

3. In data processing, to represent data or a computer program in a symbolic form 
that can be accepted by a data processor. 

combinatorial logic system 

Digital system not utilizing memory elements. 

communication control character 

A control character intended to control or facilitate transmission of data over 
communication networks. 

communication link 

The physical means of connecting one location to another for the purpose ot 

transmitting uid receiving data. 
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compile 

To prepare a machine language program from a computer program written in another 
programmmg language by making use of the overall logic structure of the program or 
generatmg more than one machine instruction for each symbolic statement, or both as 
well as performing the function of an assembler. 

compiler 

A program that compiles. 

complement notation 

A system of notation where positive binary numbers are identical to positive numbers 
m sign and magnitude notation, but where negative numbers are the exact complement 
of the magnitude of the corresponding positive value. 

conditional jump 

A jump that occurs if specified criteria are met. 

control character 

A character whose occurrence in a particular context initiates, modifies, or stops a 
control operation, e.g., a character that controls carriage return, a character that 
controls transmission of data over communication networks. A control character may 
be recorded for use in a subsequent action. It may in some circumstances have a 
graphic representation. 

control hierarchy 

Design development used in complex systems to ensure an order of priority to several 
controls coming from more than one source. 

controller 

Digital subsystem responsible for implementing "how" a system is to function Not to 
be confused with "timing" as timing tells the system "when" to perform its function. 

counter 

A circuit which counts input pulses and will give an output pulse after receiving a 
predetermined number of input pulses. 

CRC 

The Cyclic Redundancy Check character. 

critical race 

Timing situation related to asynchronous operation. A "race" can occur when two 
variables are asked to change states simultaneously. "Critical" refers to the outcome 
that will determine the state of the machine. 
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Interference which appears in a given channel but has its origin in another channel. 

cycle ^ , 

1. An interval of space or time in which one set of events or phenomena is 

completed. 

2. Any set of operations inai is repeaicu icguiany m "i^ ^«...w .,v-^..^.. — ^ — 
operations may be subject to variations on each repetition. 

data . ... 

1 A representation of facts, concepts, or instructions in a formalized manner 
suitable for communication, interpretation, or processing by humans or automatic 

means. 
2. Any representations such as characters or analog quantities to which meamng is or 

might be assigned. 

data bus ^ ■ . , c ^u 

One method of input-output for a system where data are moved into or out of the 
digital system by way of a common bus connected to several subsystems. 

data processing .a a * 

The execution of a systematic sequence of operations performed upon data. 

Synonymous with information processing. 

data processor , , u a 

A device capable of performing data processing, including desk calculators, punched 

card machines, and computers. Synonymous with processor. 

To detect, locate, and remove mistakes from a routine or malfunctions from a 
computer. Synonymous with troubleshoot. 

decimal , ^. , . 

1. Pertaining to a characteristic or property involving a selection, choice, or 

condition in which there are ten possibilities. 

2. Pertaining to the number representation system with a radix of ten. 

decimal digit 

In decimal notation, one of the characters through 9. 

decoder 

A conversion circuit that accepts digital input information - in the memory case 
binary address information - that appears as a small number of lines and selects and 
activates one line of a large number of output lines. 
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device control character 

A control character intended for the control of ancillary devices associated with a data 
processing or telecommunication system, usually for switching devices "on", or "ofr'. 

diagnostic 

Pertaining to the detection and isolation of a malfunction or mistake. 

digit 

A symbol that represents one of the non-negative integers smaller than the radix. For 
example, in decimal notation, a digit is one of the characters from to 9. Synonymous 
with numeric character. 

digitize 

To use numeric characters to express or represent data, e.g., to obtain from an analog 
representation of a physical quantity, a digital representation of the quantity. 

direct access 

1. Pertaining to the process of obtaining data from, or placing data into, storage 
where the time required for such access is independent of the location of the data 
most recently obtained or placed in storage. 

2. Pertaining to a storage device in which the access time is effectively independent 
of the location of the data. 

3. Synonymous with random access. 

direct addressing 

Method of programming that has the address pointing to the location of data or the 
instruction that is to be used. 

direct memory access channel (DMA) 

A method of input-output for a system that uses a small processor whose sole task is 
that of controlling input-output. With DMA, data are moved into or out of the system 
without program intervention. 

dot matrix 

A matrix of dots that is used to identify alphanumeric characters. 

double precision 

Pertaining to the use of two computer words to represent a number. 

dump 

1 To copy the contents of all or part of a storage, usually from an internal storage 
into an external storage. 

2. A process as in definition 1 above. 

3. The data resulting from the process as in definition 1 above. 
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duplex 

The method of operation of a communication circuit in which each end can 

simultaneously transmit and receive. 

dynamic storage elements 

Storage elements which contain storage cells that must be refreshed at appropriate time 
intervals to prevent the loss of information content. 

EBCDIC 

Extended Binary Coded Decimal Interchange Code. An 8-bit, 256-character code used 

in transmission of binary data. 

ECL circuits 

Bipolar emitter-coupled logic circuits, also called current-mode logic circuits. 

edge triggering o •. ♦v. 

Activation of a circuit at the edge of the pulse as it begms its change. Circuits then 
trigger at the edge of the input pulse rather than sensing a level change. 

edit 

To modify the form or format of datn. e.g., to insert or delete characters such as page 

numbers or decimal points. 

electrostatic storage 

A storage device that stores data as electrostatically charged areas on a dielectric 

surface. 

emulate 

To imitate one system with another such that the imitating system accepts the same 
data, executes the same programs, and achieves the same results as the imitated system. 

encode 

To apply a set of unambiguous rules specifying the way in which data may be 
represented such that a subsequent decoding is possible. Synonymous with code. 

end-around carry 

A carry generated in the most significant digit place and sent directly to the least 

significant place. 

entry point 

In a routine, any place to which control can be passed. 

erase 

To obliterate information from a storage medium, e.g., to clear, to overwrite. 
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error 

Any discrepancy between a computed, observed, or measured quantity and the true, 
specified, or theoretically correct value or condition. 

exc!usive-OR function 

A modified form of the OR function which has a logic equation equal to the sum 
output of the half-adder. 

execute 

That portion of a computer cycle during which a selected control word or instruction 
is accomplished. 

exponent 

In a floating point representation, the numeral, of a pair of numerals representing a 
number, that indicates the power to which the base is raised. 

fan-out 

The number of loads connected to the output of a logic stage. (A load normally 
consists of the input impedance of a logic circuit.) 

feedback loop 

The components and processes involved in correcting or controlling a system by using 
part of the output as input. 

feedback system 

See information feedback system. 

fetch 

That portion of a computer cycle during which the next instruction is retrieved from 
memory. 

field 

In a record, a specified area used for a particular category of data, e.g., a group of card 
columns used to represent a wage rate, a set of bit locations in a computer word used 
to express the address of the operand. 

fixed-point binary number 

A binary number represented by a sign bit and one or more number bits, with a binary 
point fixed somewhere between two neighboring bits. 

flag 

1 . Any of various types of indicators used for identification, e.g., a wordmark. 

2. A character that signals the occurrence of some condition, such as the end of a 
word. 

3. Synonymous with mark, sentinel, tag. 
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flip-flop (storage element) 

A circuit having two stable states and the capability of changing from one state to 
another with the application of a control signal and remaining in that state after 
removal of signals. 

iioating-point uinary numLfSr 

A binary number expressed in exponential notation. That is, a part of the binary word 
represents the mantissa and a part the exponent. 

flow chart 

A graphical representation for the definition, analysis, or solution of a problem, in 
which symbols are used to represent operations, data, flow, equipment, etc. 

format 

The arrangement of data. 

FORTRAN 

(FORmula TRANslating system) A language primarily used to express computer 
programs by arithmetic formulas. 

full-adder 

A logic circuit like the half-adder, but with a provision for a carry-in from a preceding 

addition. 

function 

1 . A specific purpose of an entity, or its characteristic acfion. 

2. In communications, a machine action such as a carriage return or line feed. 

general-purpose computer 

A computer that is designed to handle a wide variety of problems. 

half-adder 

A logic circuit capable of adding two binary numbers with no provision for a carry-in 
from a preceding addition. 

hamming code 

An error correction code system used in data transmission. This code uses a parity 
check matrix in its operation. 

hardware 

Physical equipment, as opposed to the computer program or method of use, 
e.g., mechanical, magnetic, electrical, or electronic devices. 
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hazard 

Transient output of a circuit that allows an undesired output value to appear during 
transition from one state to another. 

immediate address 

Pertaining to an instruction in which an address part contains the value of an operand 
rather than its address. Synonymous with zero-level address. 

indexed address 

An address that is modified by the content of an index register prior to or during the 
execution of a computer instruction. 

indexing 

In computers, a method of address modification that is implemented by means of 
index registers. 

index register 

A register whose content may be added to or subtracted from the operand address 
prior to or during the execution of a computer instruction. Synonymous with b box. 

indirect addressing 

Programming method that has tht' initial address being the storage location of a word 
that contains another address. This indirect address is then used to obtain the data to 
be operated upon. 

information feedback system 

In telecommunications, an information transmission system that uses an echo check to 
verify the accuracy of the transmission. 

input/output devices (I/O) 

Computer hardware by which data is entered into a digital system or by which data are 
recorded for immediate or future use. 

instruction 

A statement that specifies an operation and the values or locations of its operands. 

instruction counter 

A counter that indicates the location of the next computer instruction to be 
interpreted. 

instruction register 

A register that stores an instruction for execution. 
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interface 

A shared boundary. An interface might be a hardware component to link two devices 
or it might be a portion of storage or registers accessed by two or more computer 
programs. 

interleave (or interlace) 

To assign successive storage location numbers to physically separated memory storage 
locations. This serves to reduce access time. 

interrupt 

To stop a process in such a way that it can be resumed. 

jump 

A departure from the normal sequence of executing instructions in a computer. 

jump conditions 

Conditions defined in a transition table that determine the changes of flip-flops from 
one state to another state. 

label 

One or more characters used to identify a statement or an item of data in a computer 

program. 

language 

A set of representations, conventions, and rules used to convey information. 

large-scale integration (LSI) 

The simultaneous realization of large-area chips and optimum component packing 
density, resulting in cost reduction by maximizing the number of system connections 
done at the chip level. Circuit complexity above 100 gates. 

level 

The degree of subordination in a hierarchy. 

light pen 

A small photocell on photomultiplier in a pen-shaped housing which is held against a 
CRT screen so as to detect the instant the electron beam goes through that particular 
location during its scanning sweep. 

logic shift 

A shift that affects all positions. 

loop 

A sequence of instructions that is executed repeatedly until a terminal condition 

prevails. 
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machine code 

An operation code that a machine is designed to recognize. 

machine language 

A language that is used directly by a machine. 

macroinstruction 

An instruction in a source language that is equivalent to a specified sequence of 
machine instructions. 

macroprogramming 

Programming with macroinstructions. 

main frame 

Same as central processing unit. 

mask 

1 . A pattern of characters that is used to control the retention or elimination of 
portions of another pattern of characters. 

2. A filter. 

matrix 

1. In mathematics, a two-dimensional rectangular array of quantities. Matrices are 
manipulated in accordance with the rules of matrix algebra. 

2. In computers, a logic network in the form of an array of input leads and output 
leads with logic elements connected at some of their intersections. 

3. By extension, an array of any number of dimensions. 

microprogramming 

Control technique used to implement the stored program control function. Typically 
the technique is to use a preprogrammed read-only memory chip to contain several 
control sequences which normally occur together. 

mnemonic symbol 

A symbol chosen to assist the human memory, e.g., an abbreviation such as "mpy" for 
"multiply". 

MODEM 

(MOdulator-DEModuIator) A device that modulates and demodulates signals 
transmitted over communication facilities. 

MOS transistor (metal-oxide-semiconductor transistor) 

An active semiconductor device in which a conducting channel is induced in the region 
between two electrodes by a voltage applied to an insulated electrode on the surface of 

th? r?fion. 
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multiplex 

To interleave or simultaneously transmit two or more messages on a single channel. 

NAK 

Message sent over data communications links to indicate that received data has been 
checked, is incorrect, and should be retransmitted. 

negative logic 

Logic in which the more-negative voltage represents the "1" state; the less-negative 
voltage represents the "0" state. 

noise 

A term referring to spurious or undesirable electrical signals. 

noise immunity 

A measure of the insensitivity of a logic circuit to triggering or reaction to spurious or 
undesirable electrical signals or noise, largely determined by the signal swing of the 
logic. Noise can occur in either of two directions, positive or negative. 

nondestructive read out 

A memory designed so that read-out does not affect the content stored. It is not 
necessary to perform a write after every read operation. 

numerical control 

Automatic control of a process performed by a device that makes use of all or part of 
numerical data generally introduced as the operation is in process. 

object code 

Output from a compiler or assembler which is itself executable machine code or is 
suitable for processing to produce executable machine code. 

object language 

The language to which a statement is translated. 

OCR 

Optical character recognition. 

operand 

That which is operated upon. An operand is usually identified by an address part of an 
instruction. 

operating system 

Software which controls the execution of computer programs and which may provide 
scheduling, debugging, ini)at/output control, accounting, compilation, storage 
assignment, data management, and related services. 
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operation 

1 . A defined action, namely, the act of obtaining a result from one or more operands 
in accordance with a rule that completely specifies the result for any permissible 
combination of operands. 

2. The set of such acts specified by such a rule, or the rule itself. 

3. The act specified by a single computer instruction. 

4. A program step undertaken or executed by a computer, e.g., addition, 
multiplication, extraction, comparison, shift, transfer. The operation is usually 
specified by the operator part of an instruction. 

5. The even or specific action performed by a logic element. 

operation code 

A code that represents specific operations. Synonymous with instruction code. 

optical character recognition 

The machine identification of printed characters through use of light-sensitive devices. 
Abbreviated OCR. 

pack 

To compress data in a storage medium by taking advantage of known characteristics of 
the data, in such a way that the original data can be recovered, e.g., to compress data in 
a storage medium by making use of bit or byte locations that would otherwise go 
unused. 

parallel operation 

The organization of data manipulating within circuitry wherein all the digits of a word 
are transmitted simultaneously on separate lines in order to speed up operation. 

parameter 

A variable that is given a constant value for a specific purpose or process. 

parity bit 

A check bit appended to an array of binary digits to make the sum of all the binary 
digits, including the check bit, always odd or always even. 

parity check 

The technique of adding one bit to a digital word to make the total number of binary 
ones or zeros either always even or always odd. This type of checking will indicate an 
error in data but will not indicate the location of the error. 

peripheral equipment 

Units which work in conjunction with a computer but are not part of it. 
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PL A (programmable logic array) 

An integrated circuit that employs ROM matrices to combine sum and product terms 
of logic networks. 

positive logic 

Logic in which the more positive voltage represents the "1" state; the less positive 
voltage represents the "0" state. 

priority interrupt 

Designation given to method of providing some commands to have precedence over 
others thus giving one condition of operation priority over another. 

problem oriented language 

A programming language designed for the convenient expression of a given class of 
problems^ 

processor 

1 . In hardware, a data processor. 

2. In software, a computer program that includes the compiling, assembling, 
translating, and related functions for a specific programming language, COBOL 
processor, or FORTRAN processor. 

program 

1. A series of actions proposed in order to achieve a certain result. 

2. Loosely, a routine. 

3. To design, write, and test a program as in definition 1 above. 

4. Loosely, to write a routine. 

nrrk<Tr«i»nrr»ohl*» rAoH nnlv mpmnrv ^PROM^ 

A fixed program, read only, semiconductor memory storage element that can be 
programmed after packaging. 

PROM 

See programmable read only memory. 

propagation delay 

The time required for a change in logic level to be transmitted through an element or a 
chain of elements. 

pushdown list 

A list that is constructed and maintained so that the item to be retrieved is the most 
recently stored item in the list, i.e., last in, first out. 

pushdown stack 

A register which implements a pushdown list. 
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pushup list 

A list that is constructed and maintained so that the next item to be retrieved and 
removed is the oldest item still in the list, i.e., first in, first out, 

RAM 

See random access memory. 

random access memory (RAM) 

A memory from which all information can be obtained at the output with 
approximately the same time delay by choosing an address randomly and without first 
searching through a vast amount of irrelevant data. 

read only memory (ROM) 

A fixed program semiconductor storage element that has been preprogrammed at the 
factory with a permanent program. 

real time 

1. Pertaining to the actual time during which a physical process transpires. 

2. Pertaining to the performance of a computation during the actual time that the 
related physical process transpires, in order that results of the computation can be 
used in guiding the physical process. 

redundancy 

The technique of using more than one circuit of the same type to implement a given 
function. 

refresh 

Method which restores charge on capacitance which deteriorates because of leakage. 

register 

Temporary storage for digital data. 

relative address 

The number that specifies the difference between the absolute address and the base 
address. 

ROM 

See read only memory. 

sample-and-hold circuit 

A circuit that performs the operation of looking at a voltage level during a short time 
period and accurately storing that voltage level for a much longer time period. 

scratch-pad memory 

A small local memory utilized to facilitate local data handling on a temporary basis. 
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sequencing 

Control method used to cause a set of steps to occur in a particular order. 

sequential logic systems 

Digital system utilizing memory elements. 

serial accumulator i, ^^ ^.u a * 

A register which receives data bits in serial or sequence and temporarily holds the data 

for future use. 

serial operation 

The organization of data manipulation within circuitry wherein the digits of a word are 
transmitted one at a time along a single line. The serial mode of operation is slower 
than parallel operation, but utilizes less complex circuitry. 

set-up time ... j ♦ 

The minimum amount of time that data must be present at an input to ensure data 

acceptance when the device is clocked. 

shift 

A movement of data to the right or left. 

shift register 

A register in which the stored data can be moved to the right or left. 

sign and magnitude notation 

A system of notation where binary numbers are represented by a sign bit and one or 

more number bits. 

silo memory cic/-* 

Reads out stored data in a first-in/first-out mode. Also known as FIFO. 

simulate , , . * ♦ u„ 

1 . To represent certain features of the behavior of a physical or abstract system by 

the behavior of another system. 
2 To represent the functioning of a device, system, or computer program by 
another, e.g., to represent the functioning of one computer by another, to 
represent the behavior of a physical system by the execution of a computer 
program, to represent a biological system by a mathematical model. 

simulator „ r-^i. u u^..;^^ 

A device, system, or computer program that represents certain features of the behavior 

of a physical or abstract system. 



A-19 



skip 

To ignore one or more instructions in a sequence of instructions. 

software 

A set of computer programs, procedures, and possibly associated documentation 
concerned with the operation of a data processing system, e.g., compilers, library 
routines, manuals, circuit diagrams. 

source language 

The language from which a statement is translated. 

source program 

A computer program written in a source language. 

state 

The condition of an input or output of a circuit as to whether it is a logic "1" or a 
logic "0". The state of a circuit (gate or flip-flop) refers to its output. A flip-flop is said 
to be in the "1" state when its Q output is "1". A gate is in the "1" state when its 
output is"!". 

static storage elements 

Storage elements which contain storage cells that retain their information as long as 
power is applied unless the information is altered by external excitation. 

stored program 

A set of instructions in memory specifying the operation to be performed. 

subroutine 

A routine that can be part of another routine. 

synchronous circuit 

A circuit in which all ordinary operations are controlled by equally spaced signals from 
a master clock. 

system 

1. An assembly of methods, procedures, or techniques united by regulated 
interaction to form an organized whole. 

2. An organized collection of men, machines, and methods required to accomplish a 
set of specific functions. 

table look-up 

A procedure for obtaining the function value corresponding to an argument from a 
table of function values. 
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telecommunications 

Pertaining to the transmission of signals over long distances, such as by telegraph, 

radio, or television. 

temporary storage 

In programming, storage locations reserved for intermediate results. Synonymous with 

working storage. 

terminal 

A point in a system or communication network at which data can either enter or leave. 

transfer 

Same as jump. 

translate 

To transform statements from one language to another without significantly changing 

the meaning. 

truth table 

A chart that tabulates and summarizes all the combinations of possible states of the 
inputs and outputs of a circuit. It tabulates what will happen at the output for a given 
input combination. 

TTL 

Bipolar semiconductor transistor-transistor coupled logic circuits. 

2's complement notation 

A system of notation where positive binary numbers are identical to positive numbers 
in sign and magnitude notation, but where 1 must be added to Ts complement 
notation to obtain negative numbers. 

USASCII 

United States of America Standard Code for Information Interchange. The standard 
code used by the United States for transmission of data. Sometimes simply referred to 
as the "as'ki" code. 

variable 

A quantity that can assume any of a given set of values. 

volatile storage 

A storage device in whic stored data are lost when the applied power is removed. 

word 

A character string or a bit s ring considered as an entity. 
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write enable 

Also called read/write or R/W. The control signal to a storage element or a memory 
that activates the write mode or operation. Conversely when not in the write mode, the 
read mode is active. 

write time 

The time that the appropriate level must be maintained on the write-enable line and 
that data must be present to guarantee successful writing of data in the memory. 
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APPENDIX B 
ANSWERS TO ODD EXERCISES 



Chapter 2 

I. (a) 135710 = [lx(103)]+[3x(102)]+C5x(10l)]+[7x(100)] 

(b) 409io = [4x{102)] + [0x(10M] + [9x(10°)] 

(c) 5io = [5x(100)] 

3. (a) IOII2 = llio 

(b) IIIIIIII2 = 255io 

(c) IOOOOOOO2 = 12810 

5. (a) 810 = lOs 

(b) 29io = 358 

(c) 32I10 = 4708 

7. (a) 010 110 OIO2 = 2628 

(b) Oil 001 OII2 = 3138 

ICj J-wJ-2 " ^8 

9. (a) 32io = 2O16 

(b) 12810 = 8O16 

(c) 3OO10 = 12Ci6 

II. (a) 1000 OOOI2 = 8I16 

(b) 1011 IIII2 = 5Fi5 

(c) IOII2 = B16 

13. (a) 3.1428io = 11.001001001001 .. -2 

(b) 10.125io = 12.18 
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(c) 1.768io = l.C49BAi5 



15. (a) n^i 



(b) BOio = 



(c) 61^0 = 



17. (a) 



73 



BCD 








8 -- 





-> 


4 -- • 





-- 


2 -- • 


• 


-- 


1 -- • 


1 


_ _ 


8 -- 





-- 


4 -- 





-- 


2 -- 





-- 


1 -- 





_ _ 


8 -- 


• 


-- 


4 -- 


• 


-- 


2 -- 





— 


1 -- • 


0111 


00112 



(b) 1.23bcq = 1.0010 OOII2 

(c) 14.0bqo = 1110. OOO2 

19. (a) 48^6 

(b) 55i6 

(c) 33i6 

(d) 7Fi6 



H ; 


even 


U ; 


even 


3 ; 


even 


DEL; 


odd 



Chapter 3 

1. Result: 





Machine 


Code: 


3. 


Result: 
Machine 


Code: 


5. 


Result: 
Machine 


Code: 



(>300) = >863A 
L> = 1, A> = 0, EQ 
A002 



= 0, CY = 0, OV = 



(>408) = 

L> = 0, A> = 0, EQ = 1 



{>40C) = 
L> = 0, A> 
C990 
0100 



= 0, EQ = 1 
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7. Result: 



Machine Code: 



(>30A) = >1234 

L> = 1, A> = 1, EQ 

0205 

1234 



= 



9. Result: 



Machine Code: 



{>300) = >0408 

L> = 1, A> = 1, EQ 

05E0 

0300 



= 



11. MOV R2,@0(R3) 



13. Yes. 

{R7) = 1 

(R8) = -1 

(R9) = 15 

JMP LP executed 



4 times 



Chapter 4 

1. LOC. CONTENTS 



0206 
020A 



1102 
lOFC 



3. 4 bytes: 0240: >4C41 
0242: >4400 
The resulting location counter will be : 024 
This result could also be accomplished with: 

DATA >4C41,>4400 



5. Result: 





Machine 


Code 


7. 


Result: 
Machine 


Code 


9. 


Result: 
Machine 


Code 



(RO) = >0301 

L> = 1, A> = 1, EQ = 0, CY = 0, OV = 

B002 



(>0224) = >0125 

L> = 1, A> = 1, EQ = 0, CY = 0, OY = 



(Rl) = >100F 

L> = 1, A> = 1, EQ = 0, CY = 0, OV = 
B064 
0224 
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11. Result : (>0222) = >2368 

L> = 1, A> = 1, EQ = 0, CY = 1, OV = 
Machine Code: 7493 



13. Result : (>022A) = >02CD 

L> = 1, A> = 1, EQ = 
Machine Code : D883 
0008 



15. Result : (>0222) = >0068 

L> = 0, A> = 0, EQ = 1, CY = 1, OV = 
Machine Code: 7492 



17. Resul t : no content change 

L> = 0, A> = 0, EQ = 1 
Machine Code : 88C0 
FFFF 



19. Result : no content change 

L> = 0, A> = 0, EQ = 0, OP = 1 
Machine Code: 90C2 



21. Block Move Program: 

AORG >200 

Fl EQU >300 POINTER TO SOURCE FILE 

F2 EQU >380 POINTER TO DEST. FILE 

ST LWPI WS SET WORKSPACE POINTER 

LI R1,F1 SET POINTER TO SOURCE FILE 

LI R2,F2 SET POINTER TO DEST. FILE 

LP MOV *R1+,*R2+ COPY WORD FROM FILE TO FILE 

CI Rl,Fl+>80 WAS IT THE LAST WORD? 
* 

* JLT WORKS ONLY IF SOURCE FILE DOES NOT CONTAIN 

* ADDRESS >8000 
* 

JLT LP IF NOT, THEN CONTINUE TRANSFER 

B @>3000 BRANCH TO UNIBUG 

WS BSS 32 SAVE SPACE FOR WORKSPACE 
END ST 



Chapter 5 

1. (a) 32k 
(b) 63£ig 

B-4 



3. 80 ns 

5. (a) Any of the following: 

>0067, >4867, >4067, >0867 
(b) Four ways are given below (using >0067) 

(1) LI R4,>0067 
SOC R4,R5 

(2) MS EQU >0067 

LI R4,MS 
SOC R4,R5 

(3) ORI R5,>0067 

(4) MS EQU >0067 

ORI R5,MS 

7. (a) >0000 

(b) >F800 

(c) >580F 
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1. The following are among the reasons why the I/O section 
is often the most complex part of a processor system. 

•* The I/O section is usually application-dependent. 
Whereas the processor-to-memory interface is 
usually the same regardless of the application, 
the processor-to-I/0 interface is subject to the 
requirements of the application. Because of this 
variety, the system designer must normally put more 
thought into the design of the I/O section. 

** The I/O section may be interfacing to non-electronic 
devices. Whereas the processor-to-memory interface 
involves electronic components (usually with agreed 
upon signal levels and timing), the processor-to- 
I/0 interface may involve devices or conditions 
that are non-electronic (such as thermometers, 
fluid levels, motor shafts, scales, drill posi- 
tions, etc.). The signals received from or sent 
to the non-electronic devices by the processor must 
be converted to or from electronic form in order 
for the communication or control to be made. This 
requires extra effort on the part of the designer. 
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Even when signal s are converted to electrical form 
(for exampl e, the temperature of a furnace is con- 
verted to an electrically measureable quantity by 
a thermi stor) , thi s signal often must be conditioned 
to a form suitabl e for the processor. For example, 
the output of the thermistor is an analog signal 
that must be digitized before the processor can 
utilize the information. 

And even though the signals are converted to 
digital form, further condi tioning is often neces- 
sary. For example, the digitized output of a therm- 
istor may have to be scaled and the timing worked 
out to allow for response times, settling, etc. 



3. (a) Interrupt-driven I/O would most likely be used for 
the sensor since the sensor is used to indicate a 
situation requiring immediate attention. 

(b) DMA I/O would most likely be used for the high-speed 
disk since this device is capable of very high speed 
data transfers. 

(c) Program-controlled I/O would most likely be used to 
measure the temperature since the temperature changes 
slowly. The temperature change does not require im- 
mediate attention nor is high-speed data transfer re- 
quired. 



5. (a) (PC) = ZACig 

The ONE bit at CRU hardware adress lOig 

which sets the EQ status bit to a ONE and results 

in the JEQ instruction t r an s f er r i ng control to 1 oca t ion 

AB. 



5 is tested, 



b) 



(c) 



(PC) = 2AC 
The same b 



W 



is tested as in Exercise 5(a) 



(PC) = 2ACi6 

The ONE bit at CRU hardware address 28ig is tested, 

which sets the EQ status bit to a ONE and results 

in the JEQ instruction transferring control to location 

AB. 



(d) (PC) = 288i6 

The ONE bit at CRU hardware address 



which sets the EQ status bit to a OHl' and causes 



21ig is tested, 

the JNE instruction to not transfer control . Therefore, 
the PC contains the address of the word following 
the JNE instruction. 



B-6 



(e) (PC) = 288i6 

The ONE bit at CRU hardware address 24^5 ^^l^c + 3 
= 24ig) is tested, which sets the EQ status bit to 
a ONE and causes the JNE instruction to not transfer 
control. Therefore, the PC contains the address of 
the word following the JNE instruction. 

(f) (PC) = 28815 

The ZERO bit at CRU hardware address lEig (2I15 - 3 
= lEir) is tested, which sets the equal status bit 
to Zero and causes the JEQ instruction to not transfer 
control. Therefore, the PC contains the address of 
the word following the JEQ instruction. 

(g) (PC) = 288ig 

The ONE bit at CRU hardware address 26ic ilO^c + I61 c 
= 26ig) is tested, which sets the EQ status bit 
to a" ONE and causes the JNE instruction to not 
transfer control. Therefore, the PC contains the 
address of the word following the JNE instruction. 

(h) (PC) = 28815 

The ZERO T)it at CRU hardware address ll^g ^^^16 " 
19io = 24ig - Uig = Uig) is tested, which resets 
the EQ status bit to ZERO and causes the JEQ instruction 
to not transfer control. Therefore, the PC contains 
the aiJdress of the word foil owing the JEQ instruction. 

7. (a) (R6) = 0000 0001 0100 IIOI2 = OUD^g 

(b) (R6) = 0000 0001 0100 llOlg = 014Dig 

(c) (R6) = 1001 1101 0100 IIOI2 = 9D4Dig 

(d) (R6) = 0000 1001 1101 OIOO2 = 09D4ig 

(e) (R6) = 0001 0100 1111 Olllg = HPy^g 

(f) (R6) = 0000 0010 1101 OOII2 = 02D3ig 
9. LI R12,>280 SET CRU S/W BASE ADRS 

LI R2,FD PUT ADRS OF BITS IN R2 

LDCR *R2+,0 OUTPUT FIRST 16 BITS 

AI R12,32 ADJUST BASE ADRS 

LDCR *R2+,0 OUTPUT SECOND 16 BITS 

AI R12.32 ADJUST BASE ADRS 

LDCR *R2,8 OUTPUT LAST 8 BITS 
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11. The primary advantage of parallel data transfer is that 
several bits of information may be transmitted at the same 
time. For example, parallel communication is usually used 
to transmit data from memory to the processor in a micro- 
processor system. 
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1. (a) MOV @>F004,R1 
ANDI Rl,>0200 

(b) ORI R1,>1C00 
MOV R1,@>F004 

(c) LI Rl,l 

SOC R1,@>F004 
SZC R1,@>F004 

3. 0.36 seconds 

5. (a) >000F, error = 4.2% 

(b) >009C, error = 0.2% 

(c) >0001, error = 56% 



SBO 


31 






LI 


R1,>C000 


or 


>C800 


LI 


R2,>62B 


or 


>5A1 


LDCR 


Rl,8 






SBZ 


13 







LDCR R2,12 
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1. The concept of program modularity includes the organiza- 
tion of the individual functions of an application into 
separate program modules. In many cases, a specific 
function is required at many points in the overall ap- 
plication. In such cases, it is usually advantageous 
to make the function a subroutine. 

3. A subroutine should be restricted to a specific function 
primarily to reduce the debugging effort. By restructur- 
ing a subroutine to one function, the subroutine may be 
tested and verified more easily. 
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5. Both the BLWP and the XOP instruction cause a context 
switch. The BLWP instruction can define a two-word vector 
anywhere in the memory space, whereas the XOP instruction 
has a defined area of memory for its vectors (locations 
40ifi through 7Fi6). Also, the XOP instruction auto- 
matically passes a data item to the called program (in 
the new workspace register 11) whereas the BLWP instruc- 
tion does not do this. 

7. (WP) = 21ECi6 
(PC) = 3870i6 
(WP) = 1002^6 

9. The value IOI2 (5) must appear on input lines ICO, ICl, 
and IC2 to request a level-3 interrupt. 

11. SR MOV *R14+,R2 PUT ADRS OF FIRST VALUE IN R2 

MOV *R14+,R3 PUT ADRS OF SECOND VALUE IN R3 

MOV *R2,R0 PUT FIRST VALUE IN RO 

A *R3,R0 ADD SECOND VALUE TO FIRST 

JNO DN JMP IF NO OVERFLOW 

jMP ON OVERFLOW-ALREADY SET UP FOR ERROR 

RETURN 

DN INCT R14 NO OVERFLOW-SET UP GOOD RETURN 
ON MOV R0,*R13 PUT ANSWER IN CALLING PROGRAM' S RO 
RTWP RETURN 

13. The low-order four bits of the status register would still 
contain the valueDig. The XOP instruction does not affect 
the interrupt mask (the low-order four bits of the status 



3. 



c 

regi ster) . 
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1. Usually, a software approach to a system function reduces 
the production cost and produces the most design fl exibi 1 1 ty 
when compared to a hardware approach. 



When compared to high-level language, assembler language 
normally produces a faster execution (run-) time, but a 
slower devel opment time. 
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5. 




SET 
ADD FUNCTION 



C ENTER ) 



ISSUE 

PROMPTING 

MESSAGE 



INPUT 
CHARACTERS 




SET 
SUBTRACT 
FUNCTION 



^ 




ERROR? 



^ 



Zl 



SET 

ERROR 

INDICATOR 



" _ " ? 


^ ^ 






\ 


' 






SET 






ERROR 






INDICATOR 






' 


' 
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A 




CONVERT 
DIGITS 
TO BCD 




ADD? 









1 


i 








' 








ADD 




SUBTRACT 






DIGITS 






DIGITS 
























"♦" 










CONVERT 










ANSWER 










TO ASCII 




\ 


1 




1 


) 




DISPLAY 
ERROR 




DISPLAY 




MESSAGE 






ANSWER 
















c 


1 


' 






EXIT 


~) 
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(a) The TODCLK program utilizes the cycle generator pro- 
gram from Chapter 6 as a subroutine. The cycle gen- 
erator program occupies memory location 20O15 though 
247^5 (including a workspace register area and after 
changing the last instructor to B *R11). The next 
available location for the TODCLK program is location 
24815, but the designer chose location 250ig (rounded 
up to the next 16-byte boundary) to allow a small 
amount of expansion area between the two programs. 

(b) The entry point of the cycle generator program is 
identified to the TODCLK program by the 



WE 



EQU 



>220 



statement. 

(c) XOP instructions are used to link this program with 
the user-accessible utility functions in UNIBUG. The 
initialization of the contents of the XOP vectors 
is a part of the monitor's overall initialization 
functions. 

(d) The level-four interrupt service routine increments 
memory location TK to communicate to the main program 
that a clock tick has occurred. 



MEMORY MAP 



200 



220 



16 



16 



3E0 
3F0 



16 
16 



RAM 



ROM 

(Except locations 
302^5 through SDS^g 

and 
30Ajg through SDD^g) 



RAM 
ROM 
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11. 



AORG 


4 


DATA 


Wl 


DATA 


PI 


AORG 


<location> 



ESTABLISH VECTOR VALUES 
FOR LEVEL-1 INTERRUPT 



CLR 


Wl 


LI 


R12,>200 


LI 


R0,>4E3 


LDCR 


R0,15 


SBZ 





SBO 


3 


LIMI 


1 



SET CRU S/W BASE ADRS FOR 9901 

GET 20 MS. TIMER VALUE 

START TIMER 

SWITCH 9901 TO INTERRUPT MODE 

ENABLE 9901 INTERRUPT 3 

ENABLE 9980 INTERRUPT 1 



Wl 


BSS 


32 


PI 


INC 


RO 




CI 


R0,25 




JLT 


RT 




JNE 


DN 




LI 


R12,>612 




SBO 







J MP 


RT 


DN 


CI 


R0,30 




JNE 


RT 




LI 


R12,>612 




SBZ 







LI 


R0,5 


RT 


LI 


R12,>200 




SBO 






WORKSPACE AR 
RECORD ONE T 
HALF SECOND 
NOT YET 
HALF SECOND 
YES - SET UP 
TURN ON THE 
EXIT 

TIME TO TURN 
NOT YET 
YES - SET UP 
TURN OFF THE 
INITIALIZE S 
SET CRU S/W 
CLEAR AND RE 



EA FOR ISR 
IME INTERVAL 
EXPIRED? 



EXACTLY? 

CRU BIT ADRESS 
BIT 

OFF BIT? 



K I wr 



CRU BIT ADDRESS 

BIT 
/W TIMER COUNT 
BASE ADRS FOR 9901 
ENABLE 9901 INTRPT 
RETURN - REVERSE CONTEXT SWITCH 



B-13 



APPENDIX C 
IMS 9900/9980 INSTRUCTION FORMATS** 



FORMAT 

1 

2 
3 
4 
5 
6 
7 
8 
9 



10 



11 



12 



13 



14 15 GENERAL USE 



OPCODE ! B [ Td 1 


DR 


TS 


SR 




OPCODE 


1 SIGNED DISPLACEMENT 




OPCODE 


VUR 


TS 


SR 




OPCODE 


C 


TS 


SR 




OPCODE 


i c 


R 


OPCODE 




TS 


SR 




OP CODE 






NOT USED 




OPCODE 




N 


R 




OP CODE 1 


DR 


1 Ts 


SR 





ARITHMETIC 

JUMP 

LOGICAL 

CRU 

SHIFT 

PROGRAM 

CONTROL 

IMMEDIATE 

MPY, DIV. XOP 



OPCODE OPERATION CODE 

B BYTE INDICATOR (1 -BYTE) 

Tq DESTINATION ADDRESS TYPE* 

DR DESTINATION REGISTER 

Ts SOURCE ADDRESS TYPE* 

SR SOURCE REGISTER 

C CRU TRANSFER COUNT OR SHIFT COUNT 

R REGISTER 

N NOT USED 



»Tp OR Ts 

00 
01 

10 

11 



ADDRESS MODE TYPE 

DIRECT REGISTER 

INDIRECT REGISTER 

PROGRAM COUNTER RELATIVE. NOT INDEXED <SR OR DR = 0) 

PROGRAM COUNTER RELATIVE + INDEX REGISTER (SR OR DR>0) 

INDIRECT REGISTER, AUTOINCREMENT REGISTER 



** TM 990/lOOM Microcomputer User's Guide , Texas Instruments 
Incorporated, 1978, page 4-7. 
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APPENDIX D 
ASSIGNMENT OF TMS 9902 INPUT AND OUTPUT BITS 



D.l OUTPUT 

Control Register 

7 6 



}S8S1 |S8S2 {pens }pODD jCLK4Mj jRCLl jRCLO 



When Bit 14 is set, data written to bits to 7 are loaded 
into the control register. 

Bits 6 and 7--stop bit selection SBS1,SBS2: 

SBSl SBS2 ^^^ ^^ XMIT Stop Bits 

1 I I ^ y^ I 

i"5-nrT- 2 

i T-nrr i 



Bits 5,4--Parity Selection PENB,PODD 

PENB PODD Parity 

I I X ! None 



111 1 Even 

I 1 I 1 I Odd" 



Bits 1,0--Character-Iength select RCL1,RCL0 
RCLl RCLO Character Length 



1 



1 111 6 

i 1 I Q ' L 

I 1 I 1 1 « 
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Interval Register 



|TMR7 TMR6 |TMR5 |tMR4 |tMR3 I 







TMR2 TMRl TMRO 



MSB 



LSB 



The value in the interval register is the number of units 
of 64 internal clock cycles between timer interrupts. For example, 
if fO = 3MHz, and CLK4M in the control register is 0, then the 
internal clock period is 1 ;jsec, so an interval register containing 
, JIQ- ^ -^^le would result in an interval of 1 usee x 64 x 16 = 
1.024 msec. 



Receive Data-Rate Register, Transmit Data-Rate Register 
l0 987RRA^o 



| RDV8 |RDR9 |RDR8 |RDR7 |'rDR6 [rDRS |'rDR4 |rDR3 JRDR2 |'r DR1 [rdRO | 
|XDV8 [XDR9 |XDR8 |xDR7 |xDR6 {xDR5 {xDR4 [xDRS |'xDR2 |'xDRl |xDRO~| 



MSB 



LSB 



The values in the data-rate registers determine the length 
of one-half of the data period. RDV8 and XDV8 determine if the 
inuf''"^! *^J°^-^ '! ^iV'ded by 8 (RDV8, XDV8 = I, divide by 8; RDV8, 
XDV8 = divide by 1). The remaining 10 bits represent an integer 
number of clock periods (or 8 clock periods) comprising one half 
period. For example, assuming an internal clock period of 1 usee 
and a register value of 10011010000, the resulting data rate would 
be 1 MHz * 8 * 208 f 2 = 300.48 bps. 

Transmit Buffer Register 



Ivnn. I. one L... I 



|XBR7 |XBR6 JXBR5 |XBR4 |XBR3 |XBR2 |XBR1 |XBR0 | 



MSB 



LSB 



^^This register contains the next character to be transmitted 
right-justified and zero-filled. That is, even if less than 8 bits 
are to be transmitted, all 8 bits should be loaded. 



D-2 



Register Load-Control Flags 

These bits identify the destination of the next data written 
to bits 10 to 0, according to the following truth table. 



LDCTRL 


LDIR 


LRDR 


LXDR 


DESTINATION of bits 10-0 


1 


, 
^ 


X 


X 


Control Register | 


1 ° 


1 


X 


X 


Internal Register | 


1 ° 





1 


X 


Receive Data-Rate Register | 


1 ° 





X 


1 


Transmit Data-Rate Register | 


1 


1 








Transmit Buffer Register | 



*These two lines 
receive data rates. 



simplify the setting of equal transmit and 



Output bits 



Bit 31 RESET 



Bit 21 



DSCENB 



Bit 


20 


TIMENB 


Bit 


19 


XBIENB 


Bit 


18 


REINB: 


Bit 


17 


BRKON: 


Bit 


16 


RTSON: 



Bit 15 TSTMD 



Disables all interrupts, initializes 
transmitter and receiver, clears RTS, 
sets load-control flags, clears BREAK 
flag. Requires 11 clock cycles. 
Data Set Change Interrupt Enable, 
enables the interrupt resulting from 
change in status. 

Timer Interrupt Enable, enabl es i nter- 
rupts from interval timer. 
Transmit Buffer Interrupt Enable, en- 
ables empty transmit buffer interrupt. 
Receiver Interrput Enable, enables 
full receiver buffer interrupt. 
Break On, sets serial output to logic 
0. 

Request-to-Send ON, turns on RTS. 
Writing a ZERO to RTSON clears RTS 
after transmission is complete. 
Test Mode, sets up high-speed local 
test loop. 
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D.2 INPUT 



Receive Buffer Register 



1 







[rBR7 |rBR6 JRBR5 



RBR4 



RBR3 |rBR2 JRBRl JRBRO 



MSB 

This register contains the lastcharacter to be 
justified and zero-filled. That is, even if less 
received, all 8 bits are loaded. 



LSB 

received, right- 
than 8 bits were 



Input Bits 



Bit 31 INT = DSCINT + TIMINT + XBINT + RBINT 

Bit 20 PSCINT: Data Set Change Interrupt, when en- 
abled by output bit 21, indicates a 
change of state of either PSR or 
CTS. 

Bit 19 TIMINT: Timer Interrupt, when enabled by 
outputbit 20, indicates an interval 
timeout has occurred. 

Bit 17 XBINT: Transmi t Buffer Empty Interrupt , when 
enabled by output bit 19, indicates 
the transmit buffer has become empty. 

Bit 16 RBINT: Receive Buffer Full Interrupt, when 
enabled by output bit 18, indicates 
the receiver buffer has been filled. 

Bit 30 FLAG = LDCTRL + LDIR + LRDR + LXDR + BRKON 

Bit 29 DSCH: Data Set Status Change, indicates 
either DSR or CTS has changed state. 

Bit 28 CTS: Clear to Send 

Bit 27 DSR: Data Set Ready 

Bit 26 RTS: Request to Send 

Bit 25 TIMGP: Timer Elapsed, indicates interval 
timer timeout. 

Bit 24 TIMERR: Timer Error, set when a timeout oc- 
curs with TIMELP = 1, indicating an 
unprocessed timer interrput. 

Bit 23 XSRE: Transmit Shift Register Empty, indi- 
cates transmission not in progress. 

Bit 22 XBRE: Transmit Buffer Register Empty, in- 
dicates the contents of the transmi t 
buffer is not the next character to 
be sent. 

Bit 21 RBRL: Receive Buffer Register Loaded, in- 
dicates a new character is in the 
receive buffer. 
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Bi 
Bi 



Bi 

D1 



15 
14 



Bit 13 



9 

1 rt 



RIN: 
RSBD 



RFBD 



REVERR 



Receive 
Receive 
receipt 
for one 
Receive 



Input 

Start Bit Detect, indicates 

of a valid start bit, valid 

character time. 

Full Bit Detect, indicates 
the sample time for the first data bit. 
Receive Error = RFER + ROVER + RPER 
Receive Framing Error, set when the 
receiver detects a when looking for 
a stop bit, which should be a 1. 
Receive Overrun Error, set when a new 
character is available before the 
previous character has been read. 
Receive Parity Error, set when a re- 
ceived character does not match the 
pari ty defined by bits 4 and 5, PENB, 
PODD of the control register. 
Bits 7-0 Receive Buffer Regi ster, right justi fied with 
leading zeros. 



Bit 11 ROVER 
Bit 10 RPER: 
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APPENDIX E 
TMS 9980A PIN DESCRIPTION* 

Z8 TMS 9980A PIN DESCRIPTION 

Table 2 defines the TMS 9980A pin assignments and describes the function of each pin. 



TABLE 2 
TMS 9980A PIN ASSIGNMENTS AND FUNCTIONS 



SIGNATURE PIN I/O 



AO (MSB! 

A1 

A2 

A3 

A4 

A5 

A6 

A7 

A8 

AS 

A10 

All 

A12 

A13/CRU0UT 



DO (MSB) 

D1 

D2 

03 

D4 

05 

06 

07 (LSB) 



Vbb 

VCC 

Vdd 

VSS 



CKIN 



03 
DBIN 



OUT 
OUT 
OUT 
OUT 
OUT 
OUT 
OUT 
OUT 
OUT 
OUT 
OUT 
OUT 
OUT 
OUT 



DESCRIPTION 



I/O 
I/O 
I/O 
I/O 
I/O 
I/O 
I/O 
I/O 



OUT 



ADDREK BUS 

AO through A13 comprise the address bus. 
This 3-state bus provides the memory- 
address vector to the external-memory sys- 
tem when MEMEN is active and 1/0-bit 
addresses and external-i nstruction addresses 
to the I/O system when MEMEN is inactive. 
The address bus assumes the high-impedance 
state when HOLDA is active. 



CRUOUT 

Serial I/O data appears on A13 when an 
LDCR, SBZ and SBO instruction is execu- 
ted. This data should be sampled by the \/0- 
interface logic when CRUCLK goes active 
(high). One bit of the external instruction 
code appears on A13 during external in- 
struction execution. 

DATA BUS 

DO through D7 comprise the bidirectional 
3-state data bus. This bus transfers memory 
data to (when vriting) and from (wihen 
reading) the external-memory system wrtien 
MEMEN is active. The data bus assumes the 
high-impedance state v*en HOLDA is 
active. 

POWER SUPPLIES 

Supply voltage (-5V NOM) 
Supply voltage (5 V NOM) 
Supply voltage (12 V NOM) 

Ground reference 



TMS 9980A PIN ASSIGNMENTS 




J40 


MEMEN 


J39 


READY 


J38 


WE 


J37 


CRUCLK 


['36 


Vdd 


J3B 


vss 


034 


CKIN 


J33 


D7 


J32 


D6 


]30 


D5 


D4 


J29 


D3 


lj» 


D2 


y\Z7 


D1 


J26 


DO 


J2S 


INTO 


J24 


INT1 


023 


INT 2 


P22 


<^ 


J21 


Vbb 



CLOCKS 

Clock In. A TTL compatible input used to generate the Internal 4-phaie clock. CKIN frequency is 4 times the 
desired system frequency. 



Clock phase 3 (i^3) inverted; used as a timing reference. 

BUS CONTROL 

Data bus in. When active (high), DBIN Indicates that the TMS 9980A has disabled itt output buffers to allow 
the memory to place memory -read data on the data bos during MEMEN. DBIN remains low in all other cases 
except when HOLDA is active at which time it is In the high-impedance state. 



* TM 9980A/TMS 9981 Microprocessor Data Manual , Texas Instruments 
Incorporated, 1977, pp. 13-14. 
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TABLE 2 (CONTINUED) 



SIGNATURE 


PIN 




40 


MEMEN 


WE 


38 


CRUCLK 


37 


CRUIN 


19 


INT2 


23 


INT1 


24 


INTO 


25 


HOLD 


1 


HOLDA 


2 


READY 


39 


lAQ 


3 



I/O 



DESCRIPTION 



OUT 
OUT 

OUT 



Memory enable. W hen activ e (low), MEMEN indicates that the address bus contains a memory address. Whtn 
HOLOA is active, MEMEN is in the high impedance state. 

Write enable. When active (low). WE indicate s tha t memory-write data Is available from the TMS 9980 to be 
written into memory. When HOLDA Is active, WE Is in the high-impedanca state. 

CRU clock. When active (high), CRUCLK indicates that external interface logic should sample the output 
data on CRUOUT or should decode external instructions on AO, A1, A13. 

CRU data in. CRUIN, normally driven by 3-state or open-collector devices, receives input data from external 
interface logic. When the processor executes a STCR or TB instruction, it samples CRUIN for the level of the 
CRU input bit specified by the address bus (A2 through A12). 

Interrupt code. Refer to Section 2.2 for detailed description. 



MEMORY CONTROL 

Hold. When active (low), HOLD indicates to the processor that an external controller (e.g., DMA device) 
desires to utilize the address and data buses to transfer data to or from memory. The TMS 9980A enttrs the 
hold state following a hold signal when It has completed Its present memory cycle.* The processor then 
places the address and data buses in the high-impedance state (along with WE, MEMEN, and DBIN) and 
responds with a hold-acknowledge signal (HOLDA). When HOLD is removed, the processor returns to normal 
operation. 

Hold acknowledge. When active (high), HOLOA indicates that the processor is in the hold state and the 
address and data buses and memory control outputs (WE, MEMEN, and DBIN) are in the high-impedanee 
state. 

Ready. When active (high), READY indicates that memory will be ready to read or write during the next 
clock cycle. When not-ready is indicated during a nnemory operation, the TMS 9980A enters a wait state and 
suspends internal operation until the memory systems indicated ready. 

TIMING AND CONTROL 
Instruction acquisition. lAQ is active (high) during any memory cycle whan the TMS 9980A is acquiring an 

instruction. lAQ can be used to detect illegal op codes. It may also be used to synchronize LOAD stimulus.' 

If the cycle following the present memory cycle is also a memory cycle it, too, is completed before TMS 9980 enters hold state. 
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APPENDIX 



INSTRUCTION SUMMARIES 



MNEMONIC 


INSTRUCTION SUMMARY 


PAGE 


MNEMONIC 


INSTRUCTION SUMMARY 


PAGE 


CODE 


NUMBER 


NUMBER 


CODE 


NUMBER 


NUMBER 


A 


3-2 


120 


JOP 


7-6 


342 


AB 


4-3 


181 


LDCR 


6-5 


301 


ABS 


3-4 


122 


LI 


3-7 


145 


AI 


3-8 


146 


LIMI 


8-8 


391 


AND I 


5-9 


247 


LREX 


6-8 


304 


B 


4-12 


193 


LWPI 


4-1 


178 


BL 


8-1 


384 


MOV 


3-1 


113 


BLWP 


8-3 


386 


MOVB 


4-2 


180 


C 


4-5 


183 


MPY 


8-5 


388 


CB 


4-6 


186 


NEG 


7-9 


345 


CI 


4-7 


187 


OR I 


5-10 


248 


CKOF 
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